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SUMMARY 


Tbe  purpose  of  this  woric  is  to  study  the  dynamic  behavior  in  tbe  combustion  of  three  types  of 
propellinis  used  in  utiUeiy  ^tems.  These  propellants  include  veiy  high  burning  rate  (VHBR),  low 
vulnerabili^  ammunitioa  (LOVA),  and  progranuned  splitting  stida  (PSS)  propellants.  Several  advanced 
non>introsive  diagnostic  instruments  were  utilized  in  this  study.  These  instruments  indude:  a  leal-time  x-ray 
radiography  i^stem,  a  digital  image  {xrooessing  ^tem,  a  multi-cbannd  laser  Doppler  velodmeter,  and  higb- 
qieed  movie  cameras.  A  shock  tunnd  and  a  hi^-powered  CO2  laser  were  also  employ^  for  this 
investiptioo. 

This  research  project  was  divided  into  three  major  areas:  a)  combustion  behavior  of  very  high  burning 
rate  propellants,  b)  oorreoive  and  radiative  ignltioa  processes  of  iow  vuinerabiliQr  ammunitkm  propellants, 
and  c)  oombustiott  and  segregation  pbenomena  of  programmed  objectives,  method  of  approach,  results,  and 
summary  and  oondusion  of  eadt  area  is  given  in  Chapter  1, 2,  and  3  respectively.  Results  obtained  from  this 
study  not  only  enhance  tbe  basic  understanding  of  tbe  complez  phenomena  and  controlling  mechattisms 
associated  with  ignition,  combustion,  and  mechanical  deformation  of  these  propellants  but  also  be4>  the  dedgn 
of  ftitnie  artillery  system  with  minimum  hazards.  A  list  of  publicatioas  and  pq>er  presentations  of  the  research 
findings  of  this  project  is  given  beiow.  Some  of  these  papers  are  attached  as  Appendices  of  this  Final  Rqxm. 
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CHAPTF»1 

COMBUSTION  BEHAVIOR  OP  VERY  HIGH  BURNING  RAIB  PROPELLENTS 

1.1  INTRODUCTION 


1.L1  B«d(grouod 

The  tern  veiy  high  bimiing  late  (VHBR)  propellant  refers  to  a  solid  propellant  that  has  cafl>lted 
apparott  bnniing  rates  between  1  and  500  m/i  and  1600  ft^)  in  closed  vessel  tests.  Befiore  VHBR 
IffopeOants  were  developed  in  the  early  1970‘s,  the  only  solid  {»opellant$  that  burned  Bister  than  0:5  mjt  were 
eq^osives,  and  explosives  burned  much  Cuter,  Le.,  above  2000  m/i.  The  buminf  rates  for  a  VHBR  propellant 
He  in  the  range  between  normal  deflagration  (subsonic  combustion)  and  detonation  (supersonic  combustion). 
One  (A  the  possible  explanations  for  this  seei^gty  high  burning  rate  is  porous  burning;  the  oombustitm  docs 
not  occur  onty  at  the  surftce  of  the  propellant  (layer*bv-layer  burning)  but  aaualfy  penetrates  the  surboe  and 
propagates  inside  the  propellant  (volumetric  burning)^. 

VHBR  propellants  are  composite  propellants,  which,  in  general,  contain  two  basic  dKmical 
constituents,  an  oxidizer  and  a  binder.  The  oxidizer  could  be  HMX,  ROX,  AN.  TAGN,  or  KNO^  or  a 
combination  of  these.  The  binder  could  be  comprised  of  CTBP,  carbowax  4000,  GAP,  NC/DNT/A4,  epoiy, 
orPNC  In  additltm  to  these  basic  constituents,  VHBR  propellants  also  conuin  a  burning  rate  catalyst.  Even 
a  small  amount  of  the  burning  rate  cata^t  can  increase  the  burning  rate  of  the  propellant  markedly^. 

The  most  prominent  burning  rate  catalyst  for  VHBR  propellants  are  the  salts  of  boron  Iqidrides, 
particular^  the  salts  of  the  BjqHi^*  and  B|2H|2*  anions.  Researchers  know  that  dtemical  reactiotts 
involving  boron  are  hi^dy  exothmmic;  however,  they  do  not  know  bow  the  boron  could  afCea  the  burning  rate 
so  dramatically.  To  make  the  problem  worse,  they  do  not  even  know  If  the  catalytic  effect  occurs  in  the  gas 
or  thesolid  phase.  Some  leseardters  speculate  that  the  abundance  of  loosely  bound  tqidiogen  atoms  in  boron 
hydride  is  partially  responsible  for  the  increased  burning  rat^  th^  believe  that  the  faydrogmi  atoms  break  awqr 
fitom  the  boron  l^ride  easily  and  become  highly  reactive  free  radicals.  This  would  enhance  the  oombustitm 
process  in  the  gas  phase,  which  would  In  turn,  increase  the  beat  transfer  to  the  solid  phase.  The  end  result 
being  an  increase  in  burning  surfece  temperature  and  burning  rate. 

Since  the  first  applications  tff  VHBR  propellants  in  the  earfy  1970's,  interest  in  their  oombustioo 
phenommia  has  continued  to  incnase.  This  interest  arises  primarily  because  of  VHBR  propellants  potential 
use  in  interior  gun  balUstics  as  a  monolithic  (stationary)  or  traveling  charge.  Determining  the  burning  rate 
of  a  stdid  propellant  as  a  function  of  pressure  is  the  minimum  amount  of  information  needed  to  desip  any 
charge.  This  relaUonship  between  burning  rate  and  pressure  is  often  measured  using  a  dosed  bomb  apparatus. 

In  a  conventional  closed  bomb  test,  a  propellant  sample  is  burned  in  a  sturdy  metal  endosure  which 
retains  ail  of  the  combustion  products.  As  the  propellant  bums,  the  pressure  inside  the  dumber  increases, 
and  from  this  pressure-time  data,  tbe  gas  pneration  rate  can  be  calculated  as  a  function  of  time  and  pressure. 
If  the  burning  surfece  area  of  the  propdlant  is  also  known,  the  burning  rate  can  be  deduced  from  the  gas 
generation  rate.  Often  times,  however,  tbe  burning  surfece  area  is  not  known  with  great  certainty  and  must 
be  estimated.  An  enor  in  this  estimation  would  result  in  an  error  in  tbe  calculated  burning  rate.  For  this 
reason,  this  burning  rate  is  often  called  an  apparent  burning  rate.  This  research  Ibcussed  on  measuring  the 
burning  rate  by  using  a  series  of  X-ray  imagm  instead  of  deducing  It  from  a  pressure-time  trace. 

L1.2  Objectives 

Tbe  combustion  behavior  three  formulations  of  very  hip  burning  rate  (VHBR)  ptopdlants  was 
investipted.  These  formulations  contain  0. 2.  and  4%  boron  hydride,  B|^qH|q,  the  burning  rate  catalyst 

The  first  objective  was  to  measure  tbe  burning  rates  of  all  three  formulations  using  a  real-time  X-ray 
radiography  (RT)  system.  In  these  tests,  the  RTR  system  was  used  to  determine  the  Instantaneous  burning 
surfece  profile  of  tte  VHBR  grains  as  tbqr  burned  In  a  transient  test  with  pressure  levels  readiing  330  MPa 
(484X10  psi).  From  the  X-ray  images  obtained  from  these  tests,  tbe  burning  rates  were  deduced. 
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The  second  objective  was  to  measure  the  burning  rate  of  the  0%  boron  hydride  formulatitm  as  a 
fttnction  of  pressure  and  initial  strand  temperature.  This  was  accomplished  using  a  temperature  and 
pressure  controlled  optical  strand  burner  (OSB).  The  temperature  of  the  strand  humer  can  be  set  from  -40*^ 
to  •¥  KfiC  to  •¥  158^,  and  the  pressure  can  be  maintained  at  steady  levels  up  to  41  MPa  (6000  psi). 
The  0%  boron  Iqrdride  formulation  was  tested  at  >10, 20,  and  70**C  and  to  the  maximum  presture^ 


1,2  METHOD  OF  APPROACH 

T>no  major  diagnostic  tools  were  Incorporated  in  this  sturty:  a  real-time  X-ray  radiograpby  (RTR) 
system  and  a  pressure  and  temperature  controlled  optical  strand  burner  (OSB).  The  RTR  systra  allowed 
burning  rates  to  be  measured  under  dynamic  pressurization  up  to  345  MPa  (50,000  psl),  and  the  OSB  allowed 
for  burning  rate  measurements  at  constant  pressures  up  to  41,4  MPa  (6000  psi). 

12.1  Real-Time  X-Ray  Radiography  Study 

T\vo  test  rigs  were  designed  and  built  for  ^bis  portion  of  the  study;  a  medium-pressure  (MP)  test  rig 
and  a  high-pressure  douhle-wirKlowed  (HPDW)  test  rig.  The  medium-pressure  test  tig  reached  a 
pressure  of  172  MPa  (25,000  psl)  and  the  HPDW  reached  345  MPa  (50,000  psi> 


12.L1  X-Ray  ^tem 

The  purpose  of  the  real-time  X-ray  radiography  system  is  to  generate  many  instantaneous  images  of 
the  propellant  as  It  hunts  in  a  high-pressure  chamber.  A  schematic  diagram  of  the  X-ray  system  is  shown 

in  Figure  LI.  The  X-rays  are  produced  in  the  X-ny  head,  pass  through  the  test  rig  and  are  intercepted 
the  image  intensifier.  The  image  intensiOer  then  transforms  the  X-ray  image  into  a  visible-light  image  with 
a  time  constant  of  less  than  1  microsecond.  This  visible-light  image  is  then  recorded  with  a  high-speed  video 
camera  (up  to  12,000  pps)  and  later  atulyzed  with  the  image  processing  system.  A  brief  description  of  the  X- 
ray  ^tem  is  given  in  Appendix  A  in  the  Method  of  Approach. 

12.12  Medium-Pressure  Test  Rig 

Figure  12  shows  a  diagram  of  the  medium-pressure  test  rig.  This  test  rig  can  readi  a  inaximnm 
pressure  of  172  MPa  (254X10  psl).  The  hean  of  this  device  is  a  fiberglass  or  carbon-fiber  tube.  Because  of 
their  relatively  low  X-ray  attenuation  and  high  strength,  these  two  nuterials  are  suited  for  this  particular 
application.  The  tubes  bad  an  inner  diameter  of  286  cm  (1.125  in.)  and  an  outer  diameter  of  4.13  or  4.76  cm 
(1.625  or  1.875  iiL).  In  this  chamber.  X-ray  images  of  an  end-hurning  ^lindrical  grain  were  recorded  at  4000 
pictures  per  secornL  This  test  rig  was  also  used  to  conduct  interrupted  hunting  tests  of  VHBR  propellants. 
A  more  detailed  description  of  this  test  rig  is  given  in  Appendix  A. 

12.13  High-Pressure  Douhle-Windowed  Test  Rig 

Figure  13  shows  a  dbgram  of  the  high-pressure  douhle-windowed  (HPDW)  test  rig  used  in 
conjunction  with  the  X-ray  system.  This  chamber  was  tested  to  a  maximum  pressure  of  345  MPa  (SOjOOO  psi). 
The  6ee  volume  of  the  chamber  Is  320  cc.  As  was  the  case  with  the  medium-pressure  rig,  the  beat  of  this 
chamber  is  the  filament-wound  fiberglass  tube.  The  tube  has  an  Inner  diameter  of  6.99  cm  (275  Iil)  and  an 
onto'  diameter  of  1206  cm  (4.75  in.).  It  can  accommodate  a  gdindrical  grain  which  has  a  diameter  of  5.08 
cm  (20  liL)  and  a  length  of  5.08  cm  (20  In.).  In  a  typical  test,  the  grain  had  a  length  of 338  cm  (133  Iil)  and 
a  poforatfon  diameter  of  0.63  cm  (025  iiL).  It  had  a  mass  of  110  gm  which  created  a  loading  densl^  of  034 
gmAre.  A  description  of  this  test  rig  is  given  in  Appendix  C 

122  Pressure  and  Temperature  Controlled  Optical  Strand  Burner 

Figure  1.4  shows  a  schematic  diagram  of  the  strand  burner.  The  design  conditions  of  the  strand  burner 
are  as  follows:  the  temperature  range  is  -40*^0  to  •¥  TCf*C  (-40*^  to  158**F),  and  the  pressure  level  rai^  is 
vacuum  to  41.4  MPa  (6000  psl).  The  size  of  the  propellant  strand  was  63  mm  (0.25  in.)  in  diameter  by  54)8 
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Figure  1.1  Layout  of  the  Real-Time  X-Ray  Radiography  System 
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Figure  1.'2  Experimental  Setup  for  X-Ray  Radiography 
of  VHBR  Propellant  Combustion 


Figure  1^3  High  Pressure  Double  Windowed  Chamber 


Figure  1.4  Pressure  &  Temperature  Controlled  Optical  Strand  Burner 
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cm  (2X)  in.)  in  length.  For  esch  test,  the  external  surface  of  the  propellant  sample  was  coated  with  a  voy  thin 
Iqier  of  flame  inhibitor  (cellulose  aoeute);  this  provided  a  very  eOective  means  for  preventing  side  burning, 
especially  at  higher  pressures. 


13  DISCUSSION  OF  RESULTS 


Quantitative  results  obtained  from  this  study  Include  burning  rate  measurements  from  a  real>tinie  X> 
tqr  ndiograpl^  system  and  a  pressure  and  temperature  controlled  optical  strand  burner.  In  addition  to  these 
results,  this  study  helped  to  answer  some  questions  concerning  the  combustion  mechanisms  associated  with 
veiy  high  burning  rate  behavior  of  solid  propellants.  Detailed  results  are  provided  in  Appendices  A,  B,  and 
C 

13.1  Results  Obtained  From  Real-Time  X-Ray  Radiography  Study 

The  medium-pressure  and  the  high-pressure  double-windowed  test  rigs  were  used  in  conjuncdon  with 
the  real-time  X-r^  radiography  (RTR)  ^tem  to  observe  the  combustion  phenomena  of  three  formulattons 
of  VHBR  propellants.  These  propellants  contained  0, 2,  and  4%  boron  hydride,  the  burning  rate  catalyst 

13.1.1  Results  Obtained  From  the  Medium-Pressure  Test  Rig 

The  grain  configuration  for  these  tests  was  an  end-burning  solid  cylinder.  X-ray  Images  were  typicilfy 
recorded  at  2000  or  4000  pictures  per  second.  The  maximum  chamber  pressure  was  172  MPa  (2S  AX)  p^  with 
a  test  duration  of  approximately  100  ms. 

The  first  series  of  tests  conducted  in  this  diamber  used  a  propellant  grain  that  was  encased  In  a  thin 
fiberglass  casing.  The  X-ray  unages  Obtained  from  these  tests  dearly  showed  that  the  burning  surfMe  did  not 
regress  with  a  planar  contour  (see  Figure  5,  ^pendix  A).  In  later  tests,  the  fiberglass  casing  was  removed 
and  a  coating  of  cellulose  acetate,  a  flame  inhibits,  was  applied  to  the  dicumfetential  and  base  areas.  This 
resulted  in  a  grain  that  do  bum  with  a  foiriy  planar  contour  (see  Figure  6,  >^pendix  A).  Once  a  planar 
burning  surfuie  was  obtained  the  linear  burning  rates  were  readily  deduced.  These  burning  rates  are  plotted 
as  a  fonction  of  pressure  for  all  three  formulations  in  ^pendix  A,  Figures  &  .  nd  9. 

Observation  of  the  X-r^  videos  revealed  that  all  of  the  tests  conducted  in  this  chamber  showed  that 
the  propellant  grain  remained  as  one  piece,  L  e.,  tbe  grain  showed  no  signs  of  break-up.  This  result  was 
confirmed  by  analyzing  individual  X-ray  images  with  tbe  Image  processing  system;  the  gr^  ronained  fUrly 
cylindrical  throughout  the  test  (see  Figure  7,  Appendix  A). 

13.13  Results  Obtained  From  the  High-Pressure  Double- Windowed  Test  Rig 

Test  involving  all  three  formulations  of  VHBR  propellant  were  performed  in  the  high-pressure 
double<windowed  diamber  with  a  maximum  pressure  reaching  331  MPa  (48,000  psl).  Each  propellant  grain 
had  a  sin^  pnforation  diameter  of  0.63  cm  (03S  in.X  outer  diameter  of  5.08  cm  ^00  In.),  and  a  length  of 
338  cm  (133  in.).  All  tests  were  conducted  under  similar  condlttons,  L  e.  same  Igniter  pressure,  sample 
geometry  and  mass.  The  video  images  were  recorded  at  500  pps  with  the  high-speed  video  camera  (Spin 
Physics  2000). 

Figure  4  of  Appendix  C  shows  some  of  tbe  results  a  test  involving  the  0%  boron  hydride 
formulatioo.  Over  two  hundred  video  images  were  obulned  during  this  test  whidi  lasted  over  400  ms.  Tbe 
four  images  in  this  figure  clearly  show  the  outward  progression  of  tbe  inner  radius  of  tbe  grain  as  the  relative^ 
high  dei^ty  propellant  is  replaced  low  density  gases.  The  pressure-time  trace  emphasizes  how  the 
progressive  nature  of  a  center-perforated  grain  create  a  tremendous  increase  in  pressure  after  a  long  interval 
of  reiativdy  slow  pressure  rise. 

For  all  three  propdlant  formulations,  the  burning  rates  as  a  fonctitm  of  pressure  were  deduced. 
F^ures  6, 7,  and  8  of  Appendix  C  contain  ptots  of  burning  rate  versus  pressure  for  all  three  formulations. 
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Tile  solid  line  in  eacb  of  these  plots  represent  dau  that  was  <d>talned  from  the  medium-pressure  test  rig  with 
an  end-burning  configuration. 

13.2  Results  Obtained  From  Temperature  Sensitivity  Measurements 

$tnmd  burning  rates  for  the  0%  boron  hydride  formulation  were  measured  at  three  temperatures:  - 
10^  20,  and  7&*C.  These  burning  rates  are  presented  in  Rgure  13  of  Appendix  C  Each  point  on  the  graph 
represents  data  obtained  from  a  single  test  A  slope  tveak  is  observed  at  21  MPa.  Bdow  the  slope  break,  the 
pressure  exponents  of  the  burning  rates  are  quite  ctos^  however,  above  the  slope  break,  the  pressure  apooent 
at  T(fiC  is  larger  than  those  at  the  other  two  temperatures. 

The  temperature  sensitivity  for  the  0%  boron  hydride  formulation  is  plotted  in  Figure  14  of  Appendix 
C  Discontinuities  in  the  temperature  sensitivity  occur  at  the  burning  rate  slope-break  point  of  21  MPa.  As 
the  initial  temperature  of  the  propellant  increases,  the  sensitivity  decreases. 
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1,4  SUMMARY  AND  CONCLUSIONS 

1.  Rom  tbe  X>f^  images  of  the  tests  ooudoaed  in  tbe  medium>pressure  test  rig  (end-boraing  gninX 
grain  deconst^idatlon  was  not  observed  under  transient  test  conditions  up  to  172  MPa  (2S/)00  ptiX 

Z  An  increase  of  boron  hydride  concentration  from  0  to  2%  has  a  significant  effect  on  the  burning  rate. 

Ifowever,  a  further  increase  in  boron  hydride  from  2  to  4%  does  not  change  the  magnitude  by  any 
significant  amount.  Slope  breaks  in  log4og  plots  of  burning  rate  versus  pressure  were  noted  fbr  these 
VHBR  propellants. 

3.  The  measured  pressure-time  traces  and  recorded  X-ray  Images  for  Identical  test  conditions  show  a 
high  degree  of  reproductibility.  This  implies  a  high  potential  of  utilizing  this  Csmily  of  VHBR 
propellants  for  gun  interior  ballistic  purposes. 

4.  Interrupted  burning  tests  of  tbe  0%  formulation  revealed  that  dimples  were  generated  in  the  burning 
surface;  however,  microscope  images  of  the  recovered  samples  indicated  that  very  insignificant 
amounts  of  subsurface  reaction  occurred.  This  can  be  verified  by  tbe  foct  that  the  color  of  the 
subsurfoce  zone  is  the  same  as  in  the  virgin  material 

5.  In  tbe  high-pressure  double-windowed  (HPDW)  tests,  the  X-ray  images  show  that  tbe  propellant 
grains  remain  as  consolidated  charges  without  breaking  into  small  fragments  at  pressures  iq>  to  331 
MPa  (48,000  psi). 

6.  The  transient  burning  rates  Obtained  in  the  HPDW  test  rig  (center  perforated  grain)  are  reasonably 
dose  to  the  transient  burning  rates  measured  in  the  O-frame  chamber  with  an  end  burning 
configuratfon. 

7.  A  recovered  grain  which  extinguished  at  331  MPa  (48,000  psi)  showed  a  rough  burning  surface.  Tbe 
entire  surfMX  is  covered  with  dimples  which  are  visible  to  the  naked  ^e.  These  dimples  are 
approximately  dS  mm  In  diameter  by  OlS  mm  deep.  From  SEM  photograph^  smaller,  less  populated 
dimples  are  evident;  on  the  microscopic  scale,  the  binder's  surface  is  quite  smooth. 

8.  For  tbe  0%  boron  hydride  formulation,  the  transient  burning  rates  are  approximately  22%  lower  than 
tbe  strand  burning  rates. 

9.  Tbe  temperature  sensitivity  was  measured  as  a  function  of  pressure  and  initial  temperature.  The 
sensitivi^  increases  as  the  temperature  decreases. 
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CHAPTER  2 

CONVECTIVE  AND  RADIATIVE  IGJ«TION  PROCESSES 
OF  LOW  VULNERABILITY  AMMUNITION  HIOPELLANTS 

2.1  INTRODUCnON 


2.1.1  Background  and  Motivation 

As  is  the  unfortunate  case  with  most  combustible  materials,  tbe  solid  propellants  employed  in  rocket  and 
ballistic  propulsion  systms  are  extrmnely  hazardous  in  nature.  Tbe  military  and  industrial  community  has  long 
recognized  these  daigers  and  placed  significant  emphasis  on  reducing  tbe  probability  of  costly  system  Mlures  which 
can  result  in  tbe  loss  of  irreplaceable  human  lives  and  expensive  material.^~^  Part  of  this  hazards  reduction  pix^ram 
involves  tbe  formulation  of  solid  propellants  which  exhibit  desirable  "insensitive”  muitition  behavior.^'^  These 
materials,  typically  used  in  large  caliber  ballistic  rounds,  are  classified  by  tbe  military  as  low  vulnerability 
ammunition  (LOVA)  solid  propellants.  Many  LOVA  candidates  now  under  consideration  are  based  on 
cyclotrimetbylenetrinitramine  (RDX)  and  cyclotetrametbylenetetra-nitramine  (HMX).  These  nitramine-based 
propellants  display  a  high  thermal  stability,  a  low  sensitivity  to  ballistic  vulnerability,  low  smoke  output  and  high 
specific  impulse  impetus.^  With  tbe  advent  of  LOVA  propellant  formulations,  vriiicb  are  by  design  difficult  to 
ignite,  there  is  increased  interest  in  understanding  the  ignition  characteristics  of  composite  solid  propellant  materials 
to  both  desirable  and  undesirable  stimuli. 

Due  to  tbe  extreme  temperatures,  pressures,  geometric  complexities,  and  short  time  scales  involved,  the 
fundamental  physical  and  chemical  processes  which  characterize  tbe  ignition  of  solid  propellants  in  ballistic 
ai^lications  have  always  been  difficult  to  examine.  For  example,  a  typical  large  caliber  ballistic  round  is  shown  in 
Figure  2.1.  Tbe  igniter  tube  is  located  in  tbe  center  of  a  main  solid-propellant  bed  which  is  composed  of  either 
granular  or  stidc-shaped  propellant  Tbe  igniter  tube  usually  contidns  several  grains  of  pyrotechnic  material  which  is 
easily  ignited  by  either  a  mechartical  or  electrical  {ffimer  system.  Tbe  resulting  combustion  gases  alter  tbe  main 
propellant  bed  through  a  series  of  boles  and  beat  tbe  grains  or  stidts  via  convection  from  hot  gases,  racfiation  from 
burning  particles  and  hot  gases,  and  conductkMi  from  hot  impinging  partides.^ 

Tbe  standard  method  of  determining  propellant  fonnulation  effectiveness  in  a  gun  system  is  to  employ  a 
simulatCH'.  A  simulatcn'  is  an  instrumented  version  of  a  particular  gun  chamber  which  measures  impmtant  ballistic 
performance  information.  These  tests,  through  a  systematic  trial  and  errOT  approach,  provide  an  excellent  method 
determining  tbe  optimum  igniter  and  charge  loading  density  for  a  given  ballistic  system.  Many  sudi  tests,  for 
various  caliber  we^ions,  have  been  carried  out  with  LOVA  pix^Uants.^'l  ^  Howevw,  simulator  tests,  by  virtue  of 
their  complex  geometries,  ate  difficult  to  interpret  in  terms  of  tbe  fundamental  information  wbidi  can  be  more  easily 
obtained  by  using  small-scale  laboratory  tests.  This  shortcoming  was  identified  at  a  JANNAF  workshop 
cocoordinated  by  Stid^el  and  Kuo.^^ 

Small-scale  tests,  by  incorporating  simple  geometries  and  quantifiable  energetic  stimuli,  lend  themselves  to 
realistic  model  validation  of  chemical  and  physical  processes  which  are  important  to  tbe  igniticm  process.  These 
tests,  however,  are  not  without  some  drawbadcs.  Typically,  tbe  design  df  a  test  focuses  on  tbe  energy  input  to  tbe 
sanqtle  from  a  single,  external  source.  Since  tbe  process  inside  a  gun  chambo’  involves  a  numba  of  different 
beating  mechanisms,  several  small-scale  tests  would  be  requited  to  fully  characterize  tbe  {x-opellant  material.  This 
process  is  not  only  expensive  and  time-consuming,  but  most  laboratories  do  not  possess  tbe  necessary  equipment  to 
consider  such  a  con^rdtensive  analyris. 

2.1 .2  Problem  Statement 

Tbe  ignition  process  of  solid  propellant  materials  is  affected  by  a  large  number  of  parameters.  Included  in  this  list  of 
parameters  is  tbe  mechanism  or  source  of  external  oietgetic  input  to  tbe  sample  which  starts  tbe  ignition  process. 
Many  excellent  research  programs  have  been  carried  out  to  observe  and  understand  tbe  ignition  respcmse  of  solid 
propellant  materials  to  a  single,  external  stimulus.  However,  tbe  ability  to  relate  tbe  results  of  these  programs 
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Figure  2.1  Typical  Large  Caliber  Ballistic  Round  with  Granular 
Solid  Propellant  Bed 


toibeprapeniatreqKnsewliensiibjeciedioadtfreraatypeorsthiuilMdoetiiote^  A  globsl  igniikn  tfaeoiy  for 
tofld  propeRant  mneriib  wfaicfa  iadode*  die  effects  of  diffeieot  shnmli  hn  doC  yet  been  (facovefed. 

11iispnqp>na<UnswdiwrtoriUsprab^  the  idaiiooship  between  ifae  igniikm  chMscieriitiq  of  XM>39. 
an  RDX-bsied  tcriid  pcopeUsnt,  tobjected  lo  various  (faennal  energetic  stimidL  Ibe  ttienaal  nrwhamtm*  ^ 
ooeveedve  bestiiig  by  a  tempeouiae.  high  pivtsuR  gaseoas  flow  and  mUaiive  hearing  fiom  a  CO2  laser  soofce. 

Both  of  iiese  mechanisiiis  are  repceseniative  of  what  b  found  in  the  naio  propeUsDt  bed  of  a  balfistic  roond  dorii^ 
the  (vocest. 

11.3  Rogiwn  Objecrives 

The  haeat  of  ibb  profiw  b  to  Inoease  the  efbetiveaett  of  die  taiall>scale  Ubomory  testing  process  and  to 
hetaer andentand  die  IpiitiOQ  teqmise  of  LOVA  propeOaMs  10  the dtenna]  sdnrali present  within  agon  dismber. 
Tbb  tadodes  oomectivt  headng  from  a  hoc,  gaseons  flow  and  radiadve  heating  firoas  a  CQ2  laser  soorce.  An 
eqierinMotal  prognm  has  been  esnried  out  to  study  eadi  of  these  processes  independendy  using  small-scale 
labonKeylestBl^tOds.  A  tfaetnetkil  and  numerical  MMlyAkiiiM  in  Mamina 

fhfpnal 

The  malar  objective  for  die  prognm  ve  twofold:  (l)fosqMnteiycuaiine  the  ignitkio  of  RDX-besed  solid 
propdlvK  gniM  in  weU  ooatroQed  experioieaa  and  Uetdify  hcvonmit  pbysicsl  mecluatsnis  10  die  different  igniiMQ 
processes  and  (2)  ase  dieoRtical  and  eavWcal  aalyses  of  die  lest  coofignrnioiis.  irindi  oompensaiB  for  the  diffeieM 
beat-transfer  and  floid-inedianical  aspects  of  the  external  thermal  inpot  while  considering  itndetlyiag 

diemicalieactkmStiooompmeandtdaiedietesnlitofdieQqMiimenialstadfos.  I¥cm  dm  imdersondiag  obtained  fat 
dib  study,  coiqiled  with  odier  relevant  stndies,  the  ability  10  predict  solid  ptopeUant  igaidoa  under  various 
COOtit^OQS  Is  COtlHlOSd* 

The  specific  stqn  tskeo  in  the  study  sr; 

1.  RconshijcdoD  of  a  shock  tumid  fecility. 

2.  exsminaiion  of  the  cenveedve  ignition  of  XM-39  with  a  shock  tnmd  feciliQr. 

3.  reoanQgnntioQofdiediocktimndtaioasbocktiAe. 

4.  exaeriaatioo  of  the  conductive  ignitioo  of  XM-39  Dskig  a  shock  tube  fedlity. 

5.  examinndon  of  the  iwhativeigBitioa  of  XM-39  usbv  a  CO2  laser  test  frcUiiy. 
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6.  obiervatiofi,  ntioi  optical  and  scannins  electron  microcoopy  (SEM),  of  pretest  tud  post-test  sample  surfaces 
fiom  die  if^tion  tests. 

7.  teneoikNi  of  an  enqMricalidaiioash^ between  die  eqKrimeoial  data. 

8.  focnudadon  of  a  simple  ooe-dinieaaioaildieocetical  model  for  the  oondocdve  and  ndiadve  lest  configuratioos 
baaed  pardaBy  on  ezpefimental  obaervadons. 

9.  coocatrent  numerical  soludoo  of  die  ooe-dimeasioaal  mdiadve  and  cooducdve  model  using  eiqierimenial 
IgnMoodday  data  for  validation. 


2.2  EXPERIMENTAL  APPROACH 

Tbe  experimental  a^iect  of  tbispipicct  was  made  up  of  two  aqianiB  test  programs.  The  first  of  diese  tests  was 
desigiied  to  examine  the  ignitioo  of  RDX-based  XM-39  solid  propellant  grains  when  subjected  to  predonunaady 
ooavecthre  heating  fiom  a  high  temperature,  high  pressure  flow  field.  This  type  of  flow  is  representative  of  vriiat  is 
found  in  standard  gun  diambrndu^  the  practical  ignidon  process.  From  the  Hietaiutet  it  has  already  been  shown 
that  a  shock  lonridfacdiQr  provides  an  excdleat  means  of  generating  the  necessary  flow  oondidons.  Ibcrefiore, 

the  shoA  tunnel  facility  used  previously  by  Birk  and  Caveny^^*!^  and  Kashiwagi  M  was  obtained, 

lecontnicted  and  used  to  generate  die  high  temperature,  Ingh  pressure  gas  field  reqmred  for  flus  portion  of  the  project. 

A  second  test  was  used  to  observe  ignition  of  the  same  solid  propellant  when  subjected  to  laser-generated 
radiative  heating.  Anexi8tingC02laacf  facility,  espedally  designed  to  study  solid  propellant  ignition  under  high 

pressare  condidons^^,  was  udliied  for  this  part  of  the  expethnental  study.  These  rests  were  designed  to  provide 
data  for  eventual  diearedcal  modd  vahdadon  a^  to  obtain  insight  into  the  inqxatant  phydcal  processes  which  occur 
durfav  the  ignidon  oitrrenine-based  solid  propellants. 

The  two  ftciBdes  are  very  briefly  described  in  the  following  sections.  Further  descnpdons  of  the  oonvecdve 
ignidoii  lest  equipment  can  be  found  in  Appenthoes  D  through  G.  For  more  details  on  die  ladiadve  ignidoo  rest 
eqoipmrta  see  AppemBx  Hand  the  died  references. 

2.2.1  Convecdve  Ignidoo  Testt 

2.2.1.1  HPCL  Shock  TumelFacUity 

Ihe  High  nessure  Combustion  Laboratory  Shock  Tunnel  Fadlity  is  a  total  of  24. 1  m  (79  ft)  long.  The  major 
components  are  die  driver  section  (9.7  m/31.8  10,  driven  section  (8.S  n/21.9  ft)  and  the  exbanst  chamber  (S.9 
ia/19J  W.  Ihe  inside  diameter  of  fee  tunnel  is  qipimimately  9.718  cm  (3.826  in.).  The  driver  section  has  a 
maxinwm  rating  of  12.4  MFa  (1800  paid  and  is  dvged  wife  helium  gas.  Ihe  driven  section  can  be  vacuumed 
down  to  pressures  as  low  as  1 .38  kFa  (0.2  psia)  and  the  rest  gas  can  be  cturqiosed  of  any  combinadon  of  oxygen  and 
nitrogen.  The  tumid  ia  operated  remoidy  via  a  teat  console  located  jost  outside  fee  rest  cell.  Firing  the  tumid  is 
acoo^ilisbed  ferongb  a  doable  burst  (Saphtagm  redadque  in  order  to  achieve  consistent  incideiit  Shock  sirengdis. 

Ihe  shock  tamd  is  used  to  oreme  a  reservoir  of  high  temperature,  high  pressure  gas  nhkh  in  turn  ioduces  a 
convecdve  flow  ferougb  the  rest  tecdoo.  UeaUy  diis  flow  is  of  a  steady  reo^eiatufe  and  pressure  ferongbout  fee 
avaiUile  test  dme.  Itoder  certain  ”tailoied  tanefface”  conditions,  the  diock  tube  theoretically  feonkl  provide  fee 
maxkmim  uaefid  rest  dme.  Experimental  meaioreaBCOts  fonod  fee  maximum  available  test  dme  occurred  wife  an 
incideot  dWGk  wave  Mach  number  of  3.70  •  3.80  mio  air  orniiioteo. 

2.2.1.2  Coiivccifve  Ignition  Test  Section 

Ihe  teat  aectkai  is  loctted  at  the  end  of  the  driven  aeodoQ  and  is  characterized  by  a  sudden  ooss-secdonal  area 
change  fiom  fee  9.718  cm  (3.826  in.)  diaincter  romid  shock  tnnnd  to  a2.8S8  cm  (1.125  ht)  square  duct  A  cut-out 
dde  view  of  fee  ted  aecdon  is  ibown  in  Hguie  2  of  Appendix  D.  ()uartz  windowa  located  on  fee  top  and  sides  of 
the  ted  secdon  (side  windowa  not  Shown  in  fee  figure)  provide  optical  access.  Perforated  jfeoes  ate  locaredd  both 
the  upskeam  eattaoce  and  dowDdteam  exit  The  downstredu  exit  plate  acts  as  a  nozzle  vfekh  chokes  die  flow  and 
controls  fee  vdodty  nf  gas  throngh  die  ted  secdon.  The  upstream  perforated  plate  was  added  to  hdp  damp  oat 


initial  pftsaoft  otdllarifm  caused  by  the  starting  ttanskat  of  the  flow  when  tbe  abode  wave  passes  tbroogb  tbe  lest 
sectioo  and  to  act  as  a  flow  stfdgbie^. 

12.13  Diagnostics  Jbr  Qmveettve  Ignition  Tests 

Diagnostics  ate  highlight  in  Hfnie  3  of  Append*  D.  Tbfee  or  foar  Kistier  601B1  piessure  transducers  locaied 
akag  die  driveo  section  of  tbe  lonod  d^ect  the  anival  (rf  tbe  sbock  wave  at  fixed  locati^  sod  aie  used  to  measure 
tbe  qieed  of  tbe  inddeat  sbode  wave.  ADOtberKistler601B122  pressure  transducer  is  located  in  tbe  test  section. 
USA  cm  (1.0  in.)  upstream  of  tbe  samide,  as  can  be  seen  in  Hgure  2  of  Appendix  D.  To  determine  ignitkn  delay, 
five  RCA  1P28  pboto-multiplier  tubes  wUb  filters  ate  used  remotely  via  fiber  optic  tubes  mounted  on  die  ti^ 
window  of  tbe  test  section.  High  speed  visnaliTarinn  of  the  event  is  acconylisbed  dirough  the  two  side  windows 
using  a  Kodak  Spin  Pbysics  SP2000  hij^speed  video  system  widi  baddigbdng. 

2.2.1.4  Test  Sandies 

Tbe  propellant  used  for  this  study  was  XM*39  (Lot  iAS-llS4*113)  wbidi  bas  a  formuladoo  of  76%  RDX 
12%  cellulose  acetate  butyrate  (CAB),  7.6%  acetyl  tiietfayl  dtraie  (A1EC),  4%  nitrocellulose  (NC),  and  0.4%  ethyl 
ceotralite(EC).  Tbe  grain  geoinetry  was  cjdindncalwidi  a  nominal  diameter  of  7  mm  (0.28  in.)  and  length  trimmed 
to  a  constant  0.74  cm  (0.29  in.).  Ibe  gra^te  coating  was  removed  prior  to  testing,  and  tbe  surtace  was  poUsbed 
until  it  was  visually  tomolh.  The  sam|de  was  mounted  in  tbe  test  section  with  the  imhiccd  flow  perpendicular  to  the 
length  of  the  grain. 

2.2.2  Radiative  Ignition  Tests 

2.2.2.1  COg  Loser  Ignition  Test  Facility 

Tbe  CO2  laser  iiracfirtioo  fbcUity,  shown  scbematicaliy  In  Figure  3  of  Appendix  H,  was  constructed  for  a 
previous  program  and  bas  been  wen-documeated.^^1  A  Coherent  Super  48  bigb'poweiedCX)2  laser  is  used  as  die 
radiative  sonroe.  This  laser  is  capable  rtf  generating  800  watts  in  tbe  continuous  wave  mode  and  3500  watts  in  tbe 
pobedmode.  The  beam  is  ditecied  to  tbe  test  dumber  a  series  of  siliooo  mirrors  and,  for  safety  reasons,  die  patb 
is  conqdetdy  enclosed  by  anofized  guide  tubes. 

2.2.2.2  Kgh  Pressure  Test  Chamber 

Tlie  high  pressure  test  dumber  was  bmlt  in  1982^  as  pan  of  a  program  with  the  Naval  Ordinance  Station. 
The  dumber  is  designed  10  be  operated  at  internal  pressures  up  to  5,000  psia.  Two  long,  narrow  plexiglass  windows 
located  on  the  "float"  and ‘Tuefc”  of  the  drcular  dumber  provide  optied  access  to  allow  for  bigb  speed  fihning  of  tbe 
ignitioo  or  flame  spreading  event  A  galitim  arsenide  window,  protected  flom  combustion  products  by  a  poussima 
dilotide  window,  is  mounted  on  the  lop  of  the  dumber  to  allow  for  passage  of  the  CC)2  laser  beam.  Tbesanqileis 
mounted  on  a  spedd  section  wltidi  is  inserted  into  die  bottom  of  the  dumber. 

2223  Diagnostics  fi?r  Radiative  COg  Laser  Ignition  Tests 

Ignition  delay  time  was  measured  usitig  a  ailicoo  photodiode  podtioned  within  the  high  pressure  test  dumber. 
Data  flom  this  diode  is  stored  on  a  Nicolet  digitd  oscilloscope  vidiidi  is  triggered  by  tbe  firing  of  tbe  (X)2  laser. 
Two  types  of  cameras  were  used  to  film  tbe  ignition  event  and  determine  tbe  location  of  ignitioo.  A  conventional 
video  camera  was  used  to  look  at  tbe  color  of  tbe  flame  and  to  give  reasonably  good  sptfid  tesdotion.  A  Spin 
Physics  2000  high  speed  video  camen  was  used  to  obtain  the  necessary  time  resolution  of  tbe  ignition  and  flame 
devdopmeoL 

222.4  Test  Samples 

Tbe  XM>39  sdid  propellant  samples  for  tbe  ruUative  ignitioo  test  had  du  same  chemical  formnlatioa  as  the 
samples  used  in  the  convective  igni^  portioo  of  this  program.  Tbe  samples  were  obtained  in  stick  form, 
apprOKhnaiely  10. 16  cm  (4  in.)  in  length  and  0.7  cm  (.28  tat.)  in  diameter,  and  were  not  perforated  or  grqilute  coated. 


These  sticks  were  cut  by  hand  using  a  lazor  Made  into  short  discs  of  about  .7  cm  (.28  in.).  These  discs  were  glued 
into  place  on  the  sample  bolder  su^  that  inadiation  is  upon  the  flat  end  the  disc^shape.  The  sample  holder  is 
inserted  into  the  center  of  dte  test  dumber. 


23  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  results  of  the  convective  and  radiative  ignition  tests  are  summarized  in  the  sectioos  below.  Detailed 
ptesentmioo  of  these  results  has  been  made  prevkxtsly  in  numerous  publicatioas  wUcfa  are  provided  as  .^ipeadices  D 
throng  H.  Because  there  is  a  significant  amowit  of  radiative  ignition  data  available  in  the  literature  for  oiiramine* 
based  propellants,  a  very  small  number  of  tests  were  perfcumed  to  provide  ignition  delay  data  fbr  possible  model 
validathin  The  availaUlity  of  eapetimental  data  whidi  could  assist  in  characterizing  the  convective  igoitioo  of 
aitramine  propellants  is  scarce,  at  best  Therefore,  the  convective  ignition  testing  was  much  more  comprehensive, 
involving  significantly  more  diagnostic  conqdexity. 

2.3.1  Convective  Ignilkn  Test  Results 

23.1.1  Freestream  Oxygen  Dependency 

For  the  tests  performed  in  a  nitrogen  environment  no  ignition  or  luminous  flame  was  detected  by  either  die 
high  speed  video  or  die  photomultiplier  tube  detection  system.  When  the  test  gas  was  changed  to  air,  ignitkn  of 
die  XM*39  solid  propellant  grain  was  observed  for  many  of  die  imposed  test  conditions.  A  definite  fieestream 
oxidizer  dqiendeocy  of  the  ignition  delay  time  was  observed  in  the  convecdve  ignition  tests.  This  result 
sidMtantiates  previous  observations  by  others.  Birk  and  Caveny^^'^^  showed  a  simillar  result  for  HMX/PU 
propellanL  In  a  1(X)%  nitrogen  environment,  no  ignition  was  observed  for  Reynolds  numbers  between  7,000  and 
10,000.  As  oxidizer  was  added  to  the  test  gas,  ignidon  in  this  Reyncdds  number  range  was  observed  and  the  ignition 
delay  time  decreased  as  tuc  coocentradon  oxygen  in  die  test  gas  increased.  Addidonally,  Chang  and  Rocdiio^ 
nave  also  shown  diat  oxidizer  rich  igruteis  can  reduce  long  ignitkn  dela]rs  in  gun  simulator  studies. 

23.1.2  Igydtion  and  Flame-Spread  OburviUion 

Visual  observation  of  the  ignidon  locadoo  and  subsequant  flame-qireading  on  the  propeUant  sanqile  were 
considered  very  important  The  observed  phenomena  was  similar  for  all  tests  in  which  ignition  was  observed.  Sdll 
pktnm  taken  from  the  high  ^wed  video  along  with  a  detailed  discusskn  can  be  found  in  Appendix  D  (Bgure  7). 
Ignition  was  always  observed  in  the  re^on  boundary  layer  squradon  in  a  locadon  just  beyrmd  90”  from  the 
leading  edge.  Flame  qxead  was  across  the  downstream  surface.  There  was  miniraal  flame  qireading.  if  any,  in  the 
upstream  dhecdoo. 

2.3. 1.3  Ignidon  Delay  Time 

The  measwcment  ignidon  deb^  time  was  acconqilished  with  photomultiplier  tubes.  The  trace  which  first 
recordedasignallarferdianditeetimestheavetagenoise  value  was  us^  to  determine  the  ignition  delay  value.  The 
ignidan  dday  times  obtained  in  tiiis  fashion  were  compared  to  the  observed  video  results  for  darificadon.  In  many 
cases,  a  flash  of  light  from  the  sample  sorfoce  was  observed  on  the  video  very  early  during  the  u*  time  (<3  ms). 
Because  this  corncides  widi  the  arrival  of  tiie  shock  wave  and  the  transknt  start>op  time,  tiiis  pbentmiena  was  not 
easily  observed  on  the  more  smisitive  photomultplier  versus  time  trace.  This  phwiomenoo  was  also  observed  by 
Bbk  and  Caveny^^*^^  in  tiieir  study  of  nitroceUulose  propellants.  It  can  be  eiplained  using  die  fdlowing 
ladonalizadoo.  When  the  incident  shock  wave  arrives  in  the  test  section,  die  heating  rates  to  die  sample  are  very 
high.  This  has  been  substantiated  by  the  heat  flux  data  taken  by  Birk  and  Caveny.^^**^  Gasification  of  the 
propellant  material  can  take  place  and  subsequent  reactions  observed.  However,  this  ’transient’  ignition  was  not 
always  aUe  to  sustain  burning  for  the  entire  test  time  because  the  beating  rates  decrease  sharidy  with  the  onset  of  the 
quasMieady  flow  through  the  test  section.  The  sample,  once  queodied,  would  usually,  but  not  always,  reignite  later 
during  the  steady>staie  convective  healing  period  and  sustain  burning  until  die  end  the  test  time.  It  is  diis  second 
ignition  point  which  has  been  labeled  the  ignitioo  delay  time  (tn))- 


*nie  cooditioQs  and  igniiioo  delay  time  lesulis  for  die  tests  perfonned  in  air  are  given  in  Table  1  of  Appendix 
G.  A  oondaiioa  shniliar  to  that  perfooned  by  Keller  et  al.*^  was  found  using  the  convective  ignition  delay  time 
data  for  the  XM-39LOVAs(did  propellant.  Tto  analysis  is  ccimplctrJy  described  in  Appendix  G. 

23.1.4  Mkroscopic  Analysis  of  PropeUant  Surface  Characteristics 

Both  optical  and  scanning  ekctronmiorDSCOpy(SEM)  analyses  were  performed  on  recovered  test  sanyles.  The 
results  of  this  study  ace  given  in  Appendix  G  in  the  form  of  a  series  of  micro-photographs  witii  accompanying 
descripliaas.  The  mictDi;)botogn9hs  indicaie  the  formation  of  a  liquid  'melt*  layer  similar  to  that  described  by 
oumeroits  otiier  teseardiets  and  a  number  of  rice-like  structures  are  visitde  across  the  surfoce.  There  are  also  a 
number  of  drcaiar  bcdes  in  the  surfoce,  eqtedally  in  the  region  uhete  igiutioo  was  observed. 

233  Kndimive  Ignition  Test  Results 

233.1  Test  Conditions 

Smce  a  mrgor  goal  td  diis  program  is  the  oonqntison  of  the  radiative  and  convective  ignition  behavior  for  XM- 
39  LOVA  solid  propellant,  the  conditions  for  die  two  tests  had  10  be  as  timiliar  as  possible.  Therefore,  the  test  gas 
used  for  all  radiative  ignition  tests  was  air  and  the  pressure  of  the  gas  in  the  test  chamber  was  the  same  as  diose 
experienced  in  the  lest  section  <rf  the  shod:  tunnel  fo^ty  (200-500  psia).  The  heating  rates  vary  over  the  surface  of 
the  Mtaaple  in  the  convective  ignition  lest  so  a  sinqile  a^ysis  bas^  on  stagnation  beating  of  an  inert  sample  was 
carried  oot  to  determine  the  beat  flux  rates  to  be  used  with  the  CO2  fadlily  in  the  radiative  ignition  tests. 
Heating  rales  were  varied  fiom  lOOtodOO  W/om^. 

2333  Observed  Ignition  and  Fiame’^eading 

Dhecthigb-qieedvideoof  the  ignition  event  was  obt^ned  and  used  to  get  an  idea  of  the  ignttioolocatioiL  The 
method  used  for  all  of  diese  tests  was  to  mark  the  location  of  the  surface  of  the  propellant  using  adjustatle  retides 
on  the  viewing  screen.  The  position  at  nhidi  light  could  first  be  observed  was  oornpared  to  the  surface  location. 
For  all  ignition  tests,  the  locatioo  of  the  first  hrminons  reaction  was  always  very  near  the  surface  or  at  the  surface. 

2333  Ignition  Delay  Tune 

The  ignition  delay  time  was  measured  using  a  silicon  photodiode  and  checked  using  the  high-speed  video 
image.  The  data  from  this  portion  of  the  test  program  are  shown  in  Table  I  of  ^ipendixH.  Induded  in  this  table  is 
the  pressure  of  the  air  in  die  test  chamber,  the  inddent  heat  flux  from  die  (X)2  laser  and  the  ignition  delay  time. 
The  standard  method  for  portraying  igrtition  delay  data  for  radiative  ignition  tests  is  a  plot  of  die  delay  time  versus 
incideoc  beat  flux  on  a  log-log  (riot  (see  Rgure  5  of  Appenthx  H).  The  slope  of  die  data  collected  for  the  XM-39 
solid  propellant  when  pki^  oting  diis  method  is  iqiproximately  equal  to  -1.3.  It  can  be  theoretically  shown  for 
constant  fully  absorbed  radiative  beating  of  a  semi-infinite,  ooe-dimcnsiooal  medium  to  a  fixed  tenqiermire  value, 
the  slope  of  time  to  temperatare  versus  beat  flux  is  equd  to -2.0.  If  the  value  die  slope  is  less  than  -2.0  (ie.  -23) 
it  would  inqily  an  additional  beat  ii9iit  from  a  source,  such  as  chemical  reactivity,  plays  an  inqiortaot  role  in 
determining  the  ignition  dehy  time. 

Allowing  for  leu  than  full  absorption  of  the  incideot  radiant  flux  doe  to  surface  reflectivity  and  beam 
attermation  due  to  inieractioos  with  gas  phase  ^le^  and  particles,  a  slope  of -13  can  reasondily  be  mtcrpreted  as  a 
dominant  inett  heating  mechanism  in  the  radiative  ignition  process.  This  does  not  mean  diatgasiihase  reactivity  is 
not  impoitaot  to  the  process.  This  only  means  that  the  time  required  to  achieve  ignition  is  dominated  by  the  inett 
heat-up  time  and  that  once  gasification  is  achieved,  the  cheaaical  reaction  time  is  very  short 

233.4  Pressure  Dependency 

Radiative  ignition  tests  were  ran  over  the  entire  range  of  pressum  which  were  measured  in  the  sbodc  tunnel 
tests  so  that  ooniparisons  could  be  made  (2(X)  -  500  psia).  Within  the  captbttilies  of  the  diagnostic  eqitipment,  no 
variation  in  the  li^  emisaloo  time  was  observed  in  the  pressure  rai^  studied. 


2.4  COMPARATIVE  ANALYSIS  OF  CONVECTIVE  AND  RADIATIVE  PROCESSES 


la  this  sectiOQ,  die  (diysical  and  dieinical  piooesses  whicb  aie  imponant  to  the  i^nitioa  of  XM>39  composite 
solid  propellant  uodM'etiber  convective  or  radiative  heatiDg  are  discussed  in  detaiL  Ibeieisalsoadesoriptiooofliow 
die  two  processes  may  be  more  tfiiectly  related. 

2.4.1  General  Descfiptkm  of  the  Convective  Ignitioo  Process 

The  convective  igtulion  of  nitrainine  con^iosite  propdlant  material  involves  many  con^x  physical  and 
chemical  processes.  Bmed  on  the  observations  made  during  die  experimental  portion  ttf  this  study  and  inferred  from 
other  studies  described  in  the  literature,  the  following  is  a  summary  of  die  important  mechanisms  whidi  lead  to  the 
ignition  of  these  materials  when  exposed  to  convective  thermal  bea^.  Figure  7  in  Appendix  G  has  been  composed 
to  assist  in  die  understanding.  The  picture  rquesents  the  formation  of  boundary  layer  flow  over  the  surface  of  a 
aitfamine-based  con^iostte  s^id  propellant  grain  in  the  geometry  under  study.  The  fireestream  gases  are  at  a  very 
Itigb  pressure  and  tBotperature  while  the  propellant  surface  is  initially  at  a  unifoim  low  tenqienture. 

During  the  first  part  of  the  event,  the  flowing  hot  gases  convectively  beat  the  propellant  sample  without  any 
resniting  cb^cal  reactions.  This  reptesmits  the  inert  beat>ap  time  of  the  sanqile,  which  can  be  very  significant  in 
length.  Because  ot  the  nature  of  the  flow,  the  beating  of  this  sut&ce  is  not  t^orm  in  the  flow  direction  and  die 
problem  must  be  considered  as  two<diinensional.  As  the  temperature  of  the  surface  of  the  propellant  rises, 
conduction  heat  transfer  carries  the  energy  to  die  interior  of  the  stdid  material  and  the  beat  flux  to  the  sample  is 
reduced  due  to  die  lower  thermal  gradient  between  the  surface  and  the  gases.  Due  to  die  conqiosite  nature  of  the 
propdlant,  the  conductivity  of  the  material  is  not  urtiform  and  diis  heat  flux  could  be  very  uneven.  Also  there  are 
gas  to  sur&oe  and  surface  to  chamber  wall  tadialive  beat  transfer  oonqxmenis  wtucb  must  be  considered. 

Eventnally,  somewhere  on  the  propellant  surface,  the  solid  material  begins  to  decompose,  liqu^  and/or 
evaporate.  This  most  probaMy  occurs  near  die  leading  edge  where  the  beating  rates  to  the  solid  material  are  the 
highest  and  the  temperature  increase  is  the  most  r^d.  Many  oiqierimentri  studies  have  provided  evidence  of  the 
fonnation  of  a  liquid  'melf  layer.  The  composition  of  this  liquid  retnains  unknown  but  it  could  indude  melted 
propellant  and  decomposition  products  which  result  from  a  reaction  that  involves  a  solid  to  liquid  phase  diange. 
Additionally,  some  of  die  solid  material  could  decompose  and  evaporate  directly  into  the  gas  phase.  Fnally,  the 
liquid  melt  l^rer  subjected  to  furdier  heating  will  also  ddier  evifxxatB  or  deconqxMe  into  the  gaseous  phase. 

^p  to  tills  point,  die  nugority  of  die  heating  is  assianed  to  be  convective  flux  finom  the  fieestream  flow.  Some 
exolfaei^  reactkns  could  occur  in  the  solid  and  liqud  phases  but  it  is  generally  accepted  diat  these  reactions  are 
probaUy  not  as  sigttificant  to  the  igmtion  as  die  exothennicity  of  the  gas'phase  reaction  processes.  These  gas-phase 
reactions  duqtlay  a  delay  time  during  which  oxkfizers  from  the  propellant  and  fieestieam  mix  with  fuels  a^  further 
heating  the  freestream  occnrs.  Therefore  tiiedecoaqwsitioo  products  generated  at  the  leadmg  edge  of  the  sample 
will  not  react  cooqdetdy  until  much  further  downstream.  The  resulting  chemical  reactions  at  this  downstream 
location  generate  a  lebtttvdy  large  amount  of  energy.  Some  of  this  energy  is  lost  to  die  test  dumber  wails  and  the 
freestreara  bat  a  significant  amount  acts  as  a  beat  feedback  mediantsm  to  the  sanqde  surface  which  generates  more 
gas-^use  decompodtion  products.  The  beat  feedbadt  medumism  provides  a  means  by  wfaicfa  tbe  propellant  can 
'feed*  upon  itself.  Ignidon  resnlts  triien  tbe  exotbennic  reactions  in  the  gas-ptuse  become  the  doaunant  sooroe  of 
beat  flux  to  the  propellant  surface  and  the  freestream  beating  is  no  longer  required  to  maintain  tbe  reactivity  of  tbe 
propeHaoL 

There  are  many  cooqilicatioas  to  the  above  description  which  most  be  cooskleied.  First,  because  of  tbe  shear 
forces  at  the  gas-Bquid  interface,  Che  liquid  surface  will  flow  along  the  solid  surface.  Tbe  effects  of  this  liquid  laya 
are  very  dq;iaadeat  on  tbe  heating  rates,  flow  oonditions  and  dudmess  ot  the  layer.  Secondly,  the  liquid  layer  is 
actually  a  two-pbase  flow.  Gaseous  bobbles  have  been  observed  within  ibis  l^rer  by  various  studies,  indoding  this 
one.  The  importance  of  ibis  phenomena  to  tbe  overall  ignition  process  is  not  fully  understood  but  it  has  been 
examined  by  Li  et  al.  [23],  Mio  dieoreticdly  i’Kiuded  die  two-phase  nanire  ot  the  nitramine  surface  in  a  oombusdon 
modd.  They  oonduded  that  consideratioa  of  die  gaseous  idiase  in  the  condensed  phase  had  a  negligible  effect  on  the 
final  solutioa. 


Doe  to  the  delay  time  associated  with  tbe  mixing  processes  and  dte  requiiement  tbat  exotbennic  gas-phase 
reactkn  must  occur  in  dose  proximity  to  die  sample  sufface,  an  allowaiice  most  be  made  to  increase  tbe  lesidenoe 
lime  of  tbe  deoomposiiioD  products  within  tbe  reaction  zone.  This  is  described  in  terms  a  dimensionless 
DamkoWcr  nomber,  (D^: 

Da=  ■ 

t  reaction  (2.4.1) 

If  die  Da  is  very  small«  die  dme  during  ndiidi  die  gaseous  species  are  in  tbe  reacdon  zone  is  mudi  less  than 
die  time  needed  for  dietnical  reactkn  k>  occur.  If  this  is  tbe  case,  die  gaseous  spedes  generated  firom  tbe  propellant 
surface  are  earned  by  die  flow  and  dissipaied  downstream.  Without  b^feedbadc  from  gas-pbase  reactions,  ignitkn 
cannotooenr.  It  is  therefore  desiraUe  to  increase  tbe  vabie<tf  die  Damkohler  number.  This  is  done  by  mcreasing  die 
residence  time  and  degearing  tbe  reactioo  time.  This  can  be  aoconqrfished  by  tbe  formation  of  a  lectrcuIatiooregkNi 
near  tbe  surface  of  tiie  propellant  This  type  of  flow  raises  tbe  value  of  tbe  Da  by  increasing  tbe  resideiice  time, 
otixing  rates  and  beat  transfer  effects  of  tbe  gases  near  tiie  surface  (see  Ftgme  7  in  ^jpend’-  G).  Ignition  can  locally 
occur  near  tius  ledrculatioo  r^iOQ  because  tbe  beat  feedbedc  to  die  surface  generates  gaseous  decDoqxiritioa  products 
udiidi  provide  tbe  necessary  oxidizer  and  fuel  for  tbe  reactiou  zone.  From  this  local  igniuoo  fegkn,  flamespreading 
over  die  propellant  sample  occurs. 

2.4.2  General  Deso^Nkm  of  tbe  Radiative  Ignition  IVooess 

Many  of  the  processes  described  above  for  '^«'ective  i^tioo  process  are  also  important  to  radiative 
ignition.  There  ate  several  basic  differences  tbat  must  6e  accounted  for.  though.  Hguie  2.2  includes  tbe 
roedianisnis  which  are  coosklered  to  be  important  Initially,  the  surface  of  die  solid  propdlant  is  heated  inertly 
inddentrarbative  energy.  Due  to  tbe  radiative  properties  of  tbe  solid  propellant  surface,  some  of  this  incident  energy 
is  absorbed,  some  is  reflected  away  from  tbe  surface,  and  some  is  usnsmitted  mto  tbe  condensed  phase.  Within  die 
soUd-phase.  heating  is  due  to  oonducti'*'-  'Lam  the  rise  in  temperature  at  tbe  surface  and  indqitb  absorption  of  tbe 
transmitted  incident  ra^ative  eu/rgv  Tbe  absorption  and  reflective  processes  are  very  difficult  to  analyse  but 
represeikiotpotiant  differences  b&wer  .  radiative,  nndoctive  and  convective  heaiii^  processes.  As  in  die  case  of 
convective  beating,  at  sou*'’ pttint  pm  die  solid  pbase  will  decon^iose,  vaporize,  liquefy  and/or  mdt 

Usually  tbe  bulk  of  tbe  decomporitkm  processes  will  occur  very  near  die  surface  of  tbe  propellant  but 
stk  .utface  reactions  are  possible.  With  nitramioe  propeUants  a  thin  liquid  ’melt*  layg  is  known  to  form  on  die 
tnrfaoe  of  tbe  propellant  It  is  assumed  that  the  liquid  layer  is  of  sintiliar  compositiou  to  tbat  observed  under 
ooDvectivebeaitog.  As  ga^'i  evolve  from  die  surface,  some  of  die  external  radiative  energy  is  absorbed  and  reflected 
br  'ore  it  can  reach  tbe  saugiie  surface.  This  attenuates  die  beat  flux  to  die  sample  surface  but  could  tbe  absorption 
peocem  could  eohauce  gas-phase  reactivity.  The  gaseous  species  genetaied  from  die  propellant  mix  due  to  diffUskn 
andn  anal  convective  processes  with  cadi  other  tmdambieot^Bes.  Exodieniw  diemical  reactions  in  die  gas-fihase 
occur  resulting  in  beat  feedback  to  tbe  sample  surface,  to  this  time  die  net  flow  of  energy  has  been  from  tbe 
propellant  iuifg«e  to  tbe  sunounding  eovirooineDL  With  die  iucrease  in  exotbermic  reacitivity  in  tbe  gas-phase, 
this  process  is  revened  and  tbe  ptopeflaut  has  adtieved  an  ignitioo  cooefition. 

2A3  Compaiadve  analysis  of  die  Raibative  and  C^vective  Processes 

There  are  nu^  physical  differences  between  tbe  convective  and  radiative  processes  vriiidi  must  be  consideted 
and  compensated  for  qipropfiately  for  tbe  die  results  to  be  properly  related.  An  empiried  study  is  described  in 
Appendix  H  whidi  would  provide  a  general  correlation  of  ignition  delay  time  (time  to  fust  ligfa  emisrioo)  as  a 
frmetioo  of  sevoal  extonal  perameters. 


15  THEORETICAL  APPROACH 

Although  an  empirical  atudyiis,  sudi  as  diat  described  in  Appendix  H,  would  be  useful  in  identifying  bow 
selective  external  parraneten  affect  tbe  ignition  delay  time  of  a  solid  propellant,  it  would  not  provide  a  quantifiable 
understanding  of  why  these  parameters  affed  tbe  phenomena  observed.  To  supplement  this  type  of  empirical 
analysis,  it  would  be  extremely  belpful  to  include  a  reasonably  strong  theoretical  study  of  die  process. 
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Figure  1.1  Important  Chemical  and  Physical  Processes  Which  Characterize  Thermal 
Ignition 
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b  tbe  Ascussion  below,  a  ooe-diineiistoiial  theoietical  model  of  the  itnitioa  process  for  XM*39  stdid 
propeOaot  Is  proposed.  Ibis  model  can  be  used  to  study  ettberdtendiative  or  coodoctive  lest  confifufatioosdirouth 
proper  adyustmeots  to  tbe  initial  and  boundary  coodidoos.  Originally,  this  program  had  intended  to  include  a 
oomprebensive  model  of  tbe  convective  ignitioo  oonfiguniion.  However,  based  on  die  experimentally  observed 
igni^  pbenomena  of  the  convective  process,  it  became  dear  that  a  nomerical  solution  of  tbe  coovlex  two- 
dimensional,  recirculating  flow  with  cbemical  reactivity  in  bodi  tbe  gas  and  condensed  phases  would  require  a 
significant  amount  trfooinpotatiooal  effort  despite  tbe  mduskm  <rf  several  quesdonable  assunytioos.  Tbisapproncb 
is  not  reasonable  because  tbe  many  assumptions  and  simplificatioos  would  seriously  jeqpar£ze  tbe  effectiveaess  of 
tbe  convective  ignition  model  to  provide  the  necessary  conqiatisao  to  tbe  radiative  or  conductive  ignition  results. 

As  is  always  the  case  with  mathfinatkal  model  development,  simplifications  and  adjustmeius  must  be  made. 
It  must  be  in  mind,  the  purpose  of  tbe  study  is  ix)t  to  generate  a  predictive  model  for  tbe  conductive  and 
ndiaiive  igni^  of  XM-39  solid  propellant,  but  to  present  a  simplified  model  which,  if  validated  ooocurrenlly  by 
the  ignitioo  data  of  both  tests,  may  provide  some  indication  of  commonality  between  the  ignitioo  reqwnsetrfXM- 
39  S(did  propellant  when  subject^  to  distioctly  tfifferent  thermal  irqNit  medanisms.  Tbe  model  shares  tbe  same 
igrdtkn  chemistry  hr  tbe  gas  and  condensed  phas^  while  oompensating  for  die  proper  physical  coofiguratioos  and 
mecbanisins.  I«  tV  frJlftawnj  th*  mnA-l  k  rtw»  g/wmmg  mytluimartral  an. 

derived  and  possible  aohidon  methods  ate  discussed. 

2.S.1  Chemical  Model 

The  ignitioo  modd  is  10  be  used  only  as  a  oonqiatative  tod,  therefore  it  is  not  necessary  to  conrider  a  complex 
diemical  model  Appropriately  applied  to  dtis  ptt^km  is  an  tqiptoadi  rimiliar  to  that  of  Price  and  Boggs  [24], 
Their  model  is  ideal  for  use  in  tbe  theoretical  development  for  this  program  for  three  reasons:  (1)  it  globally 
accounts  for  rmportantdieinical  processes  adiicfa  ate  b^eved  to  be  rcqwnsible  for  moamine  ignitioo,  (2)  it  has  been 
applied  ptevioosly,  with  some  success,  to  experimental  data  for  an  HMX/PU  composite  propellant  and  (3)  its 
relative  simplici^  regarding  the  number  and  Qrpe  of  chemical  reactions  considered.  The  nuqor  chemical  pa^  are 
shown  in  Figure  2.3.  The  modd  assumes  there  are  two  sqnrate,  competing  pathways  widi  only  five  ^ledes 
oonsideied:  XM-39,  A,  B,fieestttam  oxidizer  02>  and  ptoduaP. 


XM-39 


A(solid) 


B(soUd) 


A(gas) 


B(gas) 


A(gas)  +  Oxygen  — ►  Product 


A(gas)  +  A(gas)  - ►  Product 


B(gas)  +  Oxygen  — ►  Product 


B(gas)  +  B(gas)  -  Product 


Figure  2.3  Reaction  Pathways  for  the  Chemical  Model  of  Ignition 


WitUncheooDdaisediilutte,fireestreamo]ddizatoiK)tooittkte  PMfa Aisaaendodtenaicptooess;  paihBit 
aaexotbeaiicpfDcett.  Attbeso(fiweofthepfDpeDaat,bodisolid  A  and  solid  B  vaporize  lo  become  laseoot  A  and 
faseovs  B.  IX^thio  the  tas  phase,  species  A  can  leaa  Itself  in  a  fashion  shnUar  to  a  monopiopdlant  or  with 
tbefteestteamoKhBzer.  Species  B  can  leact  in  a  likewise  fiuhloo;  however,  the  two  tasjihase  species  cannot  leact 
with  eack  oriier.  TUs  type  of  model  hopefully  acooonts  for  the  nu^  processes  whkboocnr  daring  die  ifniiion  of 
XM-39  LOVA  propellant  while  maintaining  the  simplicity  of  a  globally  lamped  chemical  reaction. 

Becanae  the  chemical  model  is  global,  pce-dctenninatioo  of  leaction  me  constants  and  acdvatioo  eneigies  is 
very  difiicnlt  To  appropriately  model  the  complex  ignition  diemistiy  for  nitmmine'based  materials  would  be  a 
monomcntal  task.  Tte  globally  lumped  model  whidi  has  been  proposed  should  be  sufEicicot  to  provide  an  iiKBcatinn 
of  whether  the  chemical  nature  of  the  ignitioo  process  is  similtf  for  the  different  methods  of  external  energy  input 
oonsideted.  An  error  minimization  tedmique  will  be  incorporated  to  help  determine  the  appropriate  values  ot 
activation  energies  and  rate  constants  whidi  can  be  used.  Initial  estimates  can  be  obtained  from  die  original  model 
proponed  Price  and  Boggs.^ 

15.2  Sfanidi^g  Assumptions  and  Discusskm 

The  foOowing  is  a  list  of  assumptioes  used  to  sinqiliiy  die  ignitioo  model: 

(1)  solid  and  gas-phases  are  ooe-tfimensiooaL 

(9  neglect  oony^te  nature  ofpropdlaot  and  treat  as  bomogeoeous  material. 

(3)  gat  pressure  is  constant  (momcotum  equation  uonecessary). 
gases  obey  the  perfed  gas  law. 

(9  ind^  absorption  of  tacfiative  energy  is  mdoded. 

(Q  material  and  thermal  properties  of  the  solid  are  constant 

(7)  neglect  die  effects  of  the  Ikpnd  layer. 

^  n^lectdiflhrioaal  and  viscous  stress  terms  in  die  gas>ph8se  energy  equation. 

(9)  n^lect  the  buoyancy  terms  in  the  gas-phase  energy  and  species  equations. 

(10)  oooader  die  gasiihase  as  a  noa-pettid^Mtingtnetfiumwtdi  respect  to  the  incident  energy  flux. 

The  assumption  of  one  dimensionality  (1)  is  based  on  the  geometry  of  the  test  situation.  The  effea  of  sample 
edges  on  the  ig^tioo  process  are  Ignored,  lids  is  a  comparative  analysis  between  die  conductive  and  radiative 
ignition  processes,  dierefoie  the  effect  of  the  composite  nstme  on  the  variation  of  ignition  between  diese  two 
methods  is  not  as  important  as  the  gas-phase  processes  (2).  No  external  forces  are  applied  to  the  ambient  gas  so  die 
pressure  remains  rdatively  constant  (3).  It  is  common  in  the  study  of  oombostion  to  assume  the  petfeo  gas  law 
]iolds(4).  Indqidiabsoni^  can  be  considered  by  induding  a  term  based  on  an  exponential  factor  (^.  Theopacky 
of  the  propellant  material  is  unknown  but  many  reaearcfaen  consider  diis  to  be  important  10  the  ignitioo  process. 
RvdKr  shnplifkaiioo  is  adiieved  through  assumptions  (ti),  (7),  (8),  (9),  and  ( 10)  which  ate  cormnoo  to  cornbustioo 
modeling.  If  necessary,  future  courideratious  of  this  pnMem  may  eqiaiid  the  model  to  compensate  for  many  of 
tbcsc  effects* 


25.3  Govening  Equations 

novided  below  are  Che  govetidi^  equations  for  die  ignition  model  based  on  the  assumptions  listed  above.  The 
y-coottfiome  is  aotmal  to  Che  sample  sotfaoe  widi  y  »  0  at  die  gasAoIid  phase  intefliace. 


Sdid-Phau  Energy. 


ar  ^  dT  Bh  (s,) 

— +Vre| — -a, - + 

dt  ay  ay2 


PsCs 


(25.1) 


The  legressiOQ  rate  of  the  solid  suiface  is  approximated  by  the  following  term  which  aasnmes  the  rate  ia  a 
fhnerioa  of  the  tmfaoe  temperature  and  the  amount  of  reacted  material: 


'^leg  -  (YA(t)  ♦  Yb(s))  a,  cxi|- 


(25.2) 
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Hie  eaeisy  aooroe  lenn  is  fiven  by  d>e  foQowiog  expresskn  srfikb  includes  lenns  for  ciiemicil  reactivity  and 
indeptb  tteoiptioo  of  ladiative  enoiy: 

Ss  »  jAA(s)  (1  -  Ya($)  -  Yb(s))  exp  -  ^.Jl  AHra(s)  + 

(ab(8){*  -  Ya(s)- YB(s))eJ*^^  lAHRB(s)  +  Ptel{l  -Ptel)exi{py] 

1  L  RuTJI  (Z5.3) 


SoUd-Phau  Speckr. 


ab<.,(..ya,.,.yb(.))4^ 


Gas-Phase  CoiUuudty: 


Eqaatioa  of  State  for  the  Gas-Phase. 


Gas-Phase  Energy: 


.0 

dt  dy 


(23.4) 


(2SS) 


(23.6) 


(23.7) 


(23.S) 


The  sooree  tarn  for  die  gasi)h8se  eoetfy  equaiioD  mclodes  the  efiects  of  freesiream  oxidiar 
Sg  »  jAA<j)Ti(g)  exi|-  j  AHra(8)  +  jAAO(t)YA(g)YO(g)  ex||.  j  AHraO(D 

+  jAB(f)Y5(j)Cxi|-^^jjAHRB(|)  + j^O(|)YB(|)YO(g)exi|-?^^jAHRBO(g) 


(Z5.9) 


Gas-Phase  Spedes  Courmuion: 


05.10) 


where  tbe  souoe  tenns  for  tbe  individiial  qiedes  considered  an  given  by: 

SA(*)  •  -  (AA(*)Yi(^  exij-  +  AAO(g)YA(DYO(g)  exi|-  j 

SB(g)  » -  jAB(g)Yj(^  exij-  +  ABO(g)YB(g)YO(t)  ex||-  j 
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SO(g)-(AAO(DYA(g)YO(D«lj-5^  ^  AB0(8)YB(t)Y0(g) exi|. J 

ID  ooiiii)leie  the  proUem,  the  q)ecks  equatioQ  for  tbe  fitud  product  it  jiveo  by; 

Yp«l*YA(t)-YB(|)-YO(|)  05.12) 

23.4  Initial  MdBoondafyCODditioot 

Tbe  iidlial  and  bonodaty  coodidoiis  ace  used  to  define  die  type  of  pcobfem.  By  vacying  these  conditioiu  die 
model  can  be  nsed  to  solve  either  a  radiative  or  coodncdve  igniiioo  sHnation.  The  initial  conditkins  (t^)  for  the 
solkHihaie  (y^)  ate  the  same  regardlest  of  die  vrtietber  die  problem  is  ladiative  or  ooodoctive  in  nature.  Iheseare 
giveaby; 

T-Ti;  Ya(s)-0;  YB(t)-0  (23.13) 

Within  the  gas  phase  (y>0),  die  initial  ooiiditiOQ,To.dqieiids  on  the  problem.  If  die  problem  is  ndiaiive,  the 
vahieofToisetiDaltoTi.  A  condocdve  problem  relies  oo  the  Ugh  teoqientaie  of  die  gas{ihase  Ho)  to  drive  die 
igUtioD  process: 

T- To ;  Yj(j)» yj4 ;  vj -0  (23.14) 

Boundary  oooditioos  at  y  ■ assume  the  pcopeUant  material  acts  as  a  semiHnfinite  body  over  the  course  of  the 
test  period: 

T«Ti;  Ya(s)-0;  Yb(s)-0  (23.15) 

atya4«*: 

§XaO;  v*«0 

3*  ’  3x  ’  *  05.16) 

At  y  a  0  there  is  a  coupling  of  the  gas  and  solid  phases  through  the  followiitg: 

Tg“Tg;  pgVjapgViog  . 

|PsVregYj|y«o.»|pgVgYjy«o^-pgI^^  -wj 


^  •|p«'^regCsT|y ■().■-  kg—  +|PgVgCgT|y»Oi.+ 

I  dylyaO-  (  OylyaO* 

+  4ad 

j  ^  05.17) 

wkeie  %ad  ^  the  laaer  heat  flux  input  value  idiich  for  conductive  igniiioo  problems  shoud  be  set  equal  10  zero 


23  SUMMARY  AND  CONCLUSIONS 

The  fiiUowing  ooudnsioas  about  die  convective  ignitioo  of  XM<39  LOVA  propdfant  can  be  reached  based  00 
die  results  obtained  and  (Bscnssed  above: 

1,  Convective  igUfion  and  flame  tpreadii^  phenomena  of  XM*39  solid  piopellrmt  have  been  tuccessfuOy 
observed  utiitg  die  technique  of  Bilk  and  Ca^ny  [13,14).  Strong  evidence  of  gafrfhase  ignitioo  mechanism  has 
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been  experimeatally  observed  Sesttined  convective  ifoitioa  occun  in  ibe  le^oo  oe«  the  boundary  layer 
sefMntioo  point. 

2.  The  presence  of  freestieamoatkBzer  is  very  important  10  die  ipiitioo  process.  In  the  absence  of  oxidizer  in  Ae 
lest  tM>  no  convective  ifniiioo  was  observed  l^niikw  was  achieved  in  tests  CMtiedoot  in  an  nkatmoqihere. 

3.  Two  possible  sites  of  iyitioo  have  been  identified  drcranfeientialsarfsoeitnition  and  edpesartice  ignition. 
SepiM  oonelatioot  have  been  devdoped  for  tiiese  two  types  of  ifnitioo  phenomena. 

4.  Fram  Observation,  the  saa^sorfiKe  cm  reach  imition  doe  to  incident  mdieflecteddiock  wave  heitin{diirint 
the  ttantkot  stan-vp  time  of  the  test  The  heatl^  is  very  intense  bat  very  short  in  dontion.  However,  if  the 
thermal  profile  dofint  tbU  period  is  too  tiiin  to  achieve  s^>tastaioed  itnition,  subseqaant  ifnition  could  ooctr 
during  the  neatly  steadyostate  operating  time. 

5.  Mictoaoopic  analysts  of  recovered  propellant  samples  shows  tile  formation  of  a  liquid  layer.  Theoomposiiioo 
of  fois  Ihildd  and  it  importance  to  tile  ignition  process  is  still  unkown  and  should  be  roidied  futtiier. 

6.  After  ignition  the  flame  propagates  from  the  shoulder  legloo  to  the  rear  stagnation  potDL  The  sample  acts  as  a 
flameboldei;  in  the  wake  t^kntiie  bed  flow  velocity  is  reduced  rod  the  flame  can  sustahL 

WUh  respect  to  the  radiative  ignitioa  of  nitramine  propeOanii: 

1.  Radiative  ignition  testa  have  been  snccessfoUy  carried  out  athig  a  high  pressure  CQ2  laser  igniiioafociliiy. 

2.  Ignition  d^y  times  for  XM*39  solid  propeQant  has  been  suoomfhllyoottelaied  to  foe  incidm  beat  fha. 

3.  Utile  ornopressuR  dependency  was  observed  for  die  radiative  ignition  of  XM'39  in  the  range  of  pressures 
between  ISO  rod  SSO  p^. 

Due  to  die  pbysied  foffeienoes  between  die  sqaiate  testing  mediods,  proper  oonqiatisoa  cro  only  be  carried  out 
asing  a  theoretical  ana^rsis  coupled  widi  the  eiqxiimental  program.  Sepruaietnodds  for  analyzing  the  convective 
and  radiative  ignitiou  tests  have  been  fotmnlmed.  The  cfaeinical  modeb  enqdoyed  by  both  the  convective  rod 
tadhnive  analyses  are  identical.  CoocatTctit  solatioo  of  these  models  using  the  eiqieiiiiiental  data  obtained  in  tins 
program  for  validation  should  provide  a  strong  indication  of  foe  possible  link  between  the  mechanisms  of  ignition 
when  die  prapeOant  material  is  aidiiected  to  difiaent  forms  of  Ifaennal  heating. 
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CHAPTERS 

COMBUSTION  AND  SEGREGATION  OF  PROGRAMMED  SPUTTING  STICK 

PROPELLANTS 

3.1  INTRODUCnON 


3.L1  Motivatkm  and  Objectives 

For  oensiofOBpn)piiMonqfstenis,ttidc  propelUnts  (SPs)  have  proven  to  be  superior  to  oonveatioiul 
nndomly  packed  (ranular  {nopellaats.  Indeed,  they  give  increas^  muzzle  velod^  due  mainly  to  increased 
loading  doisi^i  improved  performance  reproductibility,  increase  charge  design  flezibilliy  and  reduced  preuure 
flsdilations  and  oversboots.^*^®  These  advantages  have  motivated  a  stroi^  development  of  different  Qfpes  of 
SPs  to  enhaooe  their  qualities  and  reduce  their  defects.  One  of  the  qualities  sought  is  progressiviqr.  Ibe 
simplest  stick  propellant,  a  long  cylinder  without  perforations,  is  regressive  because  the  burning  surfece 
decreases  during  the  ballistic  cyde.  Single- and  multi-perforated  SPs  are  almost  neutral  or  tiigbtiy  progressive. 
A  progressive  charge  could  be  employed  to  reduce  the  pressure  peak  in  the  earty  phase  of  the  ballistic  cyde 
allowing  the  achievement  of  a  larger  loading  density,  and  hence  a  higher  muzzle  velodQr,  without  ewecrting 
certain  spedlled  maiiniom  gun  pressure.  Therefore,  ptogressivi^  is  a  very  desirable  proper^  in  SP  charges. 

To  better  understand  the  importance  of  progrmivity.  It  is  ttecessary  to  rdate  the  pressure-travel  curve 
of  the  ballistie  cyde  to  the  elastic  strength  of  the  gun,^^  as  shown  in  Figure  3.L  After  the  shot  start  pressure 
is  reached,  pressure  in  the  gun  is  determined  by  the  competition  between  the  gas  generation  rate  doe  fo  the 
propdlant  burning  arxl  the  rate  at  udildi  new  volumes  is  created  by  the  dis|daoement  of  the  ptoJectil&  The 
pressare  increases  very  rapidly  at  the  beginning  of  the  ballistic  cyde  of  a  conventional  charge  because  the  gas 
generatkm  rate  h  relatively  high  and  the  velodgr  of  the  projectile  is  still  low.  Once  the  peak  pressare  is 
readied,  the  pressure  decays  very  Ihst  because  the  gas  generation  rate  decreases  due  to  the  regressive  proper^r 
of  conventional  charges,  and  the  projectile  velodty  increases.  The  projectile  speed  at  the  muzzle  is  roughs 
proportional  to  the  area  under  the  pressure-travel  curve;  therelbre,  in  order  to  increase  this  speed,  more 
prqidlant  has  to  be  burned.  However,  if  a  heavier  diarge  is  used,  the  pressure  will  exceed  the  gsn  strength. 
The  only  wqr  to  solve  this  proUem  without  changing  the  gun  is  to  maintain  a  low  initial  gu  generation  rate 
which  increases  as  the  ballistic  cyde  advances.  This  is  the  proper^  called  progressiviqr. 

Several  novel  progressive  charges  have  been  proposed,  sodi  aseroslve-augmeDted  burning,  presaure- 
tiqiporred  perforation-augmented  burning,  perforation-augmented  burning,  consolidated  propellant  chargea, 
Mooolitltie  chargea,  multiple  granulations,  multi-iayered  propellants,  programmed  ignition  and  Programmed 
%ditting  Stids  (P^).^  PSS  propellants,  the  topic  of  this  research,  were  first  proposed  by  A  W.  Horst  and 
P.  W.  Robbins  in  19^;^  they  later  filed  a  patoit  In  198d.^^  The  objective  of  this  ptopeUant  ii  to  provide 
a  theoretically  unlimited  ptogressivigr  using  the  propdlant  extrusion  tedindogy  presently  avallatde.  Ihe  basic 
idea  Is  to  edrode  a  stick  propellant  with  a  shape  that  will  provide  a  dbooutinoous  increase  in  the  burning 
surfime  at  a  certain  time  in  the  ballistic  gde.  In  order  to  generate  the  increased  burning  surfoce,  Horst  and 
Robbins  designed  a  grain  that  will  split  into  several  smaller  prts  In  a  programmed  manner,  Le.,  at  any 
predetermined  time  in  the  ballistic  qfcfo.  With  this  remarkable  proper^',  PSS  could  represent  a  sjgalflcant 
advance  in  ballistic  leseatdi. 

PSS  are  non-perforated  stid  propellants  with  several  radial  slits  along  the  full  length  of  the  grain, 
leseablii^  a  cut  pie  in  cross  section  (see  Figure  3.2).  The  grain  b  held  together  by  •  ihio  band  around  Ita 
petipbeiy  and  the  ends  are  sealed  to  avttid  miriy  Ignition  of  the  internal  suifece.  Burning  of  the  grain  starts 
on  the  outer  satfMe  and,  vdien  the  external  hand  burns  though,  the  grains  splits  into  several  wedge^haped 
pieces.  The  spurting  ot  the  stick  propellants  subsuntially  Increases  the  burning  surfece,  producing  a  highly 
proftesslve  charge.  Theoretically,  PSSs  cm  provide  any  degree  of  progressiviqr  by  changing  the  band  thldaem 
and  the  number  of  internal  sUts.  The  manufecture  of  PSSs  b  assumed  to  be  relatively  simple  beceuse  the 
Bsaterbl  employed  b  the  same  used  in  conventional  propellants  and  tlm  forming  piocea  b  bssicaUy  the  same 
aa  the  one  preseatly  used:  extrusion  in  long  strands.  A  technique  for  sealing  the  ends  may  represent  the  major 
cbaOenfe;  In  theory,  PSSs  offer  many  qnaUties  and  could  be  produced  with  small  changes  to  present 
technoloiy. 
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Flgure  3.1  Pressure-travel  Curve  and  Elastic  Strength 
of  the  Gun 
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Figure  3 


Internal  slits 


•2  Programmed  Splitting  Stick  Propellants 
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Combustion  of  PSS  propellants,  however,  is  not  yei  fully  understood.  Indeed,  In  the  limited  lesctfch 
reported,  the  actual  behavior  of  PSS  charges  disagrees  with  what  was  theoretically  eacpected.^^” 
Nevertheless,  PSS  propellants  do  offer  better  performance  than  conventional  charge^  a  10%  increase  in  the 
muzzle  velocity  of  the  projectile  has  been  reported. The  mismatch  between  the  expected  and  actual  results 
indicates  that  important  mechanisms  governing  PSS  propellant  combustion  have  been  ignored.  In  condnsitMi, 
it  is  necessary  to  know  what  those  mechanisms  are  and  to  assess  their  effect  in  the  propellant  performance 
in  order  to  design  practical  artillery  charges. 

The  objectives  of  this  research  are  (1)  to  study  the  dynamic  splitting  mechanisms  involved  in  the 
combustion  of  PSS  propellants  and  to  develop  a  reliable  end-seal  technique;  (2)  to  develop  a  predictive  model 
for  simulating  the  combustion  process  of  PSS  bundles;  and  (3)  to  compare  the  calculated  results  with 
cxpetimmital  data  obtained  from  simulated  gun  tests. 


3.2  METHOD  OF  APPROACH 


3.2.1  Experimental  Approach 

The  experimental  research  cf  combustion  and  splitting  of  PSS  propdlants  was  divided  into  two  parts: 
the  study  and  visualization  of  combustion  and  splitting  mechanisms,  and  the  devdopment  of  a  good  end 
sealing  technioj^  A  good  end  sealing  technique  was  required  because,  according  to  the  research  work  done 
previously,^^*  the  suspected  reason  for  the  unexpected  performance  of  PSS  propellants  has  been  the  early 
frilure  of  the  end  seal  that  causes  the  unprogrammed  splitting  of  the  grains.  Consequently,  this  research 
focused  at  fint  on  end-seal  methods  and  experimental  procedures  to  test  the  seal  performance. 

The  first  set  of  test  firings  were  made  in  a  small  fiberglass  dumber  that  permitted  the  visualization 
of  combustion  and  splitting  processes  using  real-time  X-ray  radiography.  However,  since  the  section  of 
propellant  sample  that  can  be  tested  in  this  chamber  is  too  thin,  there  was  not  enough  contrast  and  it  was  not 
possible  to  see  the  splitting  process  with  sufficient  resolution.  A  second  set  of  test  firings  was  conducted  in 
a  simulated  gun  (SG)  chamber  with  the  main  purpose  of  testing  the  performance  of  different  end-seal 
materials  and  methods  developed  in  this  research.  The  mechanisms  responsible  for  unprogranuned  sjditting 
processes  were  soon  discovered  during  this  second  set  of  tests.  The  limitations  of  the  SG  chamber,  however, 
made  necessary  an  improved  test  chamber.  These  limitations  are  the  impossibility  to  visualize  the  combustkm 
and  splitting  processes  and  the  relatively  low  maximum  working  pressure,  around  140  MPa  (20,000  psi),  which 
is  less  than  one  half  the  peak  pressure  of  a  gun  (over  345  MPa  or  50,000  psi). 

A  test  dumber,  a  high-pressure  double-windowed  (HPDW)  chamber,  was  designed  and  buQt  to 
improve  on  the  limiutions  of  the  other  two  chambers.  The  HPDW  dumber  allows  for  testing  of  propellant 
samples  of  thideer  sections. 

Four  kinds  of  tests  were  performed  in  the  SG  chamber:  interrupted  burning,  slow  venting,  closed 
bomb  and  simulated  gun.  Most  of  the  tests  conduaed  in  the  SG  chamber  were  of  the  interrupted  burning 
type.  In  this  kind  of  test,  the  burning  process  was  interrupted  at  a  pre-determined  chamber  pressure  in  order 
to  recover  the  partially  burned  grains  and  study  the  splitting  mechanisms  involved.  In  slow  venting  tests,  the 
SO  dumber  was  vented  through  an  orifice  to  partially  simulate  the  increase  volume  created  by  the  projectile 
motion  in  a  gun  barrel  A  dosed  bomb  test  constitutes  a  rather  standard  and  easy  test  to  estimate  the  instant 
when  the  grains  split  Finally,  simulated  gun  tests  are  more  difficult  to  perform,  and  test  preparation  has  to 
be  extremely  careftil  since  a  projectile  is  loaded  into  the  barrel  Tesu  performed  in  the  HPDW  dumber  were 
of  the  dosed  bomb  type. 

Chapter  2  of  Appendix  I  describes  in  detail  the  end  sealing  materials  and  methods  devdoped,  the 
three  test  diamben  already  mentfoned  and  the  instrumenution  used.  Additionally,  a  description  of  the  dau 
reduction  processes  emplc^red  is  induded. 
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^22  Tbeotetical  Approach 

The  physical  model  considered  in  this  work  divides  the  interior  volume  of  the  combustion  chamber 
and  band  into  six  basic  separate  regions:  (a)  breech  side  gas  region,  (b)  projectile  side  gas  region,  (c) 
interbundle  gas  region,  (d)  two  intergranular  gas  re^ons,  and  (e)  two  sdld  propellant  regions.  These  six 
regions  are  shown  in  Figure  33.  The  breech  side  gas  region  (BGR)  consisu  of  the  ullage  between  the  charge 
and  the  breedL  BGR  receives  the  combustion  products  of  the  primer  and  the  Igniter  base  pad  duuge; 
however,  this  region  does  not  indude  condensed  phase  Igniter  products.  The  volume  of  the  BOR  increases 
with  time  because  the  Igniter  burns  out  and  the  sdid  propellant  charge  is  displaced  forward  towards  the 
projectile  side.  The  projectile  side  gas  region  (PGR)  Indudes  the  ullage  between  the  propellant  diatge  and 
the  projectile.  The  volume  of  PGR  decreases  in  the  early  stages  of  the  ballistic  ^cle,  as  the  charge  moves 
forward  and  the  projectile  remains  still,  and  increases  later  vdien  the  projectile  accelerates  in  the  barrel  The 
interbundle  gas  region  (IBGR)  indudes  the  ullage  between  the  two  bundles  of  PSS.  The  integnnular  (IGOR) 
gas  regions  indode  the  volume  between  the  grains.  Condensed  phase  combustion  ptrxlucts  ate  ne^ected  in 
this  region  since  th^  are  usually  very  small  Fiiully,  the  solid  propellant  regions  indude  the  propellant  grains 
and  assume  that  all  the  grains  in  a  bundle  move  together  inside  the  chamber  and  barrel 

A  lumped  parameter  model  is  used  for  the  BGR,  IBGRs  and  PGR.  This  simplification  is  quite  good 
at  the  beginning  of  the  ballistic  cj/de  because  the  volumes  involved  are  relatively  small  Once  the  projectile 
moves  a  sufficient  dlsunce  along  the  barrel  the  volume  of  these  gas  regions  will  be  too  large  to  have  an 
accurate  simulation  with  a  lumped  parameter  model  at  this  stage,  however,  the  pressure  is  relatively  low  and 
the  inaccura^  will  be  of  no  great  concern.  These  lumped  parameter  regions  are  used  as  the  boundary 
conditions  of  the  more  involved  model  for  the  Intergranular  gas  regions. 

The  intergranular  gas  regions  are  modeled  by  one-dimensional  nrm-viscous  equations,  induding  mass, 
momentum,  energy  and  five  spedes  conservation  equations.  All  these  equations  have  a  source  term  doe  to 
the  interaction  with  the  solid  propellant  region  and  to  spedes  generation  as  a  consequence  of  diemical 
reaction.  The  boundary  conditions  are  given  by  the  lumped  parameter  regfoo  in  each  end. 

The  solid  propellant  re^n  is  also  modeled,  in  general  using  one-dimensional  equations.  The  grains 
are  divided  into  families,  corresponding  to  eadi  propellant  bundle,  with  common  draracteristics;  a  single  grain 
of  each  fiunily  is  modeled  assuming  that  the  test  of  the  grains  behave  in  enctly  the  same  way.  The  energy 
equation  for  the  solid  propellant  is  used  only  at  the  beginning  of  the  combustion  cycle  to  calculate  the  heat 
trimsler  toward  the  gr^  and  the  resulting  surface  temperature,  in  an  attempt  to  predia  Ignition  and  flame 
spreading.  Once  the  grain  surftce  temperature  reaches  a  threshold  in  a  particular  axial  location,  ignition  is 
assumed  and  the  empirical  burning  rate  law  is  used.  After  ignition,  the  energy  equation  is  no  longer  necessary 
and  therefore  is  not  solved.  An  important  part  of  this  model  corresponds  to  the  calculation  of  the  new 
burning  surface  area  created  by  grain  splitting. 

Detailed  governing  equations  for  various  region,  boundary  and  initial  conditioos,  and  numerical 
solution  method  are  given  in  Chapter  3  of  ^pendix  I 

33  DISCUSSION  OF  RESULTS 

Detailed  results  obtained  horn  this  study  ate  given  In  Chapter  4  of  Appendix  L  A  summary  of  these 
results  is  given  below.  The  most  important  condusion  of  this  research  is  that  PSS  grains  can  produce 
augnrented  burning  surface  area  as  expeaed,  when  used  under  the  proper  conditions.  The  main  vatiaUes 
vdiidi  affect  the  performance  of  PSS  charges  Include  the  end-sealing  tedinique,  length  of  grains,  propellant 
formulatioii  and  design  of  the  Ignition  system. 

There  are  two  modes  for  PSS  grain  fragmentation:  normal  splitting,  the  expected  mode,  and 
premature  or  abnormal  fracture.  Abnormal  fracture  of  PSS  grains  is  responsible  for  the  undesirable 
performance  of  this  propellant  found  by  previous  researchers.  For  the  purpose  of  this  research,  normal 
splitting  is  defined  as  the  gramentation  of  PSS  grains  due  to  band  breaking  or  band  burning.  Fragments 
generated  by  normal  splitting  are  shaped  as  long  slivers.  On  the  other  hand,  abnormal  fracture  of  PSS  grains 
is  ddined  as  grain  fragmentation  due  to  generalized  breaking  of  the  propellant  Abnormal  fraaure  generates 
small  irregular  fragments. 
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Figure  3.3  Different  Regions  Considered  in  the  Model 
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Nonnal  splitting  PSS  grains,  considering  the  deflnition  given  above,  may  be  produced  by  ttynamic 
forces  coupled  to  a  reduced  band  thickness.  Once  the  band  thickness  is  small  enough,  the  band  itself  may 
break  due  to  external  forces  acting  on  the  grata  However,  sometimes  the  grain  does  not  split  alter  the  band 
is  oompietely  burned;  the  slivers  remain  together  held  by  the  end  seals.  The  actual  instant  at  vdtidt  splitting 
occurs  depends  on  the  magnitude  of  the  forces  and  foe  strength  and  length  of  foe  grains.  This  foct,  ?foich 
agrees  with  the  concept  of  effective  band  thickness,^”  makes  it  difficult  to  predict  foe  precise  instant  when 
splitting  occurs.  Addidonally,  splitting  dependence  on  dynamic  forces  suggests  that  PSS  grains  may  not  q>lit 
in  a  perfectly  uniform  way  in  a  real  gun  environment  if  dynamic  forces  are  not  uniform  in  all  foe  grains. 

End-seal  failure  has  been  stated  as  the  mechanism  producing  abnormal  fracture  of  PSS  grains  by 
previous  researcbeis.  However,  there  are  other  mechanisms  besides  end-seal  failure  producing  premature 
fragmentation  of  PSS  grains.  Examination  of  propellant  recovered  from  interrupted  burning  tesu  indicates 
that  seals  made  with  the  appropriate  technique  survive  the  high  pressure  and  temperature  environment  in  the 
combustion  chamber.  Notwithstanding,  PSS  grains  can  be  prematurely  fraaured  by  (fynamic  forces  generated 
by  rapid  combustion  of  the  propellant,  pressure  waves  and  high  pressurization  rates.  The  mechanisms  for 
abnormal  fraction  can,  therefore,  be  classified  into  two  groups:  seal  failure  and  action  of  external  forces.  Seal 
failure,  and  the  subsequent  lotion  of  the  internal  surface,  over  pressurizes  the  slits  producing  the  premature 
fragmentation  of  the  grain.  External  dynamic  forces  include  impaa  of  the  grains  against  solid  walk,  axial 
compression  produced  by  large  pressure  gradients  along  foe  chamber,  and  radial  compression  due  to  the 
difference  between  external  and  internal  pressures. 

A  reliable  end  seal  can  be  obtained,  as  mentioned  before;  however,  the  method  developed  in  this 
reseanfo  is  too  labor-intensive  to  be  used  on  a  large  scale.  In  order  to  produce  practical  artillety  charges  with 
PSS  propellants,  a  sealing  tedinique  adapted  to  mass  production  of  PSS  grains  must  be  developed. 

Abnormal  fraaure  of  PSS  grains  can  be  controlled  by  a  careful  design  of  the  charge  and  the  ignition 
system.  Grain  length  has  a  strong  effect  on  premature  fracture.  Shorter  grains  ate  stronger  and  provide  a 
more  predictable  performance.  Propellant  mechanical  properties  can  also  significantly  affea  foe  charge 
sensitMqr  to  <^ma^  forces.  The  igdtion  system  determines  the  magnitude  of  dynamic  forces  in  the  early 
suges  of  the  ballktic  ^e,  having  a  significant  effect  on  premature  fracture  of  P^  grains. 

Flame  spreading  in  the  surfice  of  the  slits  seems  to  be  slower  and  less  uniform  than  in  foe  enemal 
surface  of  the  grains.  All  the  recovered  grains  with  evidence  of  internal  burning  show  portions  of  foe  internal 
snrfue  without  indication  of  burning.  Additionally,  in  most  cases  of  internal  burning,  burning  surface  area 
curves  display  little  or  no  inaease  in  the  burning  surface  area,  and  show  waves  ^Ical  of  the  ignition  transient 
during  the  whole  event  Thk  particular  charaaeristic  of  the  curves,  no  increase  in  foe  burning  surfime  area 
and  prolonged  lotion  transient  waves,  suggests  that  Ignition  of  the  surface  of  foe  slits  was  still  progressing 
when  the  rupture  dkk  went  off.  Delayed  Ignition  of  foe  Internal  surface  k  produced  by  the  collapse  of  the 
internal  void  of  the  slits,  preventing  the  ea^  flow  of  hot  gases  after  the  band  bums  through.  Internal  void 
collapse  in  the  early  stage  of  combustion  k  evident  in  foe  X-ray  images  obtained. 

Results  from  foe  theoretical  model  and  numerical  code  (PROSTICX)  devdoped  in  thk  research 
e^tlain  the  particular  behavior  observed  in  the  tests  conducted.  The  long  Ignition  delay  at  the  b^inning  of 
the  ballktic  ^de  and  the  effect  of  foe  position  of  the  charge  In  foe  chamber  with  respea  to  foe  l^iiter  are 
justified  by  foe  model  as  a  process  of  heat  transfer  enhanced  by  the  velocity  of  foe  gases.  The  movmnent  of 
the  stick  bundles  in  the  chamber  and  foe  collision  of  foe  bundles  against  the  projectile  base  and  against  each 
other  k  also  demonstrated  by  thk  model 

The  code  IBHV02  gives  pressure  traces  quite  different  from  foe  experimental  results  due  to  Its 
inherent  incapacity  to  simulate  flame  spreading  and  the  ignition  transient  that,  for  thk  research,  are  imptntant 
The  importance  of  flame  spreading  in  thk  research  k  doe  to  the  low  loading  density  used  in  foe  tests.  When 
higher  loading  densities  are  used,  as  In  real  guns,  the  ignition  transient  k  much  shorter  and  flame  spreading 
k  more  uniform;  in  that  case,  IBHVG2  seems  to  provide  fairly  accurate  results. 


34 


3.4  SUMMARY  AND  CONCLUSIONS 

L  The  i!^fiuuiUc  splitting  mechanisms  and  combustion  processes  of  programmed  splitting  sti^  pcopeUants 

have  been  studied  experlmentaliy  and  theoreticaify.  Results  firom  this  study  indicate  that  the  PSS 
grains  can  produce  augmented  burning  surfiice  area  as  expected. 

Z  The  mechanisms  responsible  ibr  abnormal  fraaure  of  PSS  grains  are  end*se8l  dilute  and  action  of 
eactemal  dynamic  forces. 

3.  Ftom  this  ivork,  it  was  proven  that  a  reliable  end  seal  can  be  achieved. 

4.  Abnormal  fracture  of  PSS  grains  can  be  controlled  by  a  careful  diarge  design  (shorter  grain  and  better 
mechanical  properties)  and  a  proper  ignition  ^tem  (to  reduce  external  dyiumic  forces). 

5.  Flame  ^)reading  in  the  surfoce  of  the  slits  is  slower  and  less  uniform  than  in  the  external  surfoce  of 
the  grains.  Interrul  void  collapse  in  the  early  stage  of  combustion,  which  was  observed  from  the 
reoMded  X>ray  images,  causes  ignition  delay  of  the  internal  surfiice. 

6.  A  theoretical  model  and  numerical  code  was  developed  to  simulate  the  burning  and  splitting  processes 
of  PSS  charges. 

7.  Comparison  of  numerical  results  and  experimental  data  showed  good  agreement  in  terms  of  time 
histories  of  chamber  pressure  and  projectile  velocity. 

8.  Results  firom  this  theoretical  work  can  be  used  to  eiqilain  behaviors  observed  in  the  related 
experimental  tesu  conduaed.  The  long  ignition  delay  at  the  beginning  of  the  ballistic  ^de  and  the 
effect  of  the  charge  position  in  the  chamber  with  respect  to  the  igniter  are  exhibited  by  the  numerical 
results.  The  movement  of  the  stick  bundles  in  the  chamber  and  the  collision  of  the  bundles  against 
the  projectile  base  and  against  each  other  Is  also  demonstrated  by  this  model 

9.  The  theoretical  model  and  numerical  code  can  contribute  to  the  understanding  of  the  processes 
involved  in  PSS  propellant  combustion  and  will  help  to  design  practical  PSS  propellant  durges. 
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ABSTRACT 

Some  of  the  major  parameters  affecting  the  burning  rate  of  a  propellant  are  its  formulation,  the 
chamber  pressure,  the  initial  temperature  of  the  propellant,  and  the  flow  condition  in  the  vicinity 
of  the  burning  surface.  For  a  very  high  burning  rate  (VHBR)  solid  propellant,  it  is  suspected  that 
the  confinement  of  the  grain  and  the  rate  of  pressurization  could  also  significantly  influence  the 
burning  rate.  The  primary  objective  of  the  present  research  is  to  study  the  burning  mechanism  of 
VHBR  propellants  by  determining  the  effect  of  these  parameters  on  the  burning  rate  and  the  instant¬ 
aneous  burning  surface  profile.  A  second  objective  is  to  conduct  a  feasibility  study  for  using 
real-time  X-ray  radiography  to  observe  the  combustion  phenomena  of  VHBR  propellant. 

The  real-time  X-ray  radiography  system  is  used  to  determine  the  instantaneous  burning  surface 
profile  of  the  VHBR  grain  at  framing  rates  up  to  ^000  pps  (system  maximum  rate=  12,000  pps).  The 
cylindrical  grain  [2.86  cm  (1.125  in)  diameter  by  2.5^  cm  (1.0  in)  long]  is  end  burned  in  a  fiber¬ 
glass  or  carbon-fiber  composite  tube  [6.^1  mm  (0.25  in)  thick]  with  transient  chamber  pressures  up  to 
180  MPa  (26,000  psi)  and  a  test  duration  of  approximately  100  ms.  Linear  burning  rates  up  to  70  cm/s 
(28  in/s)  at  1^*0  MPa  (20,000  psi)  were  observed  with  no  evidence  of  any  ^unconventional"  burning 
mechanism,  i.  e.  volumetric  burning  or  grain  break-up. 

INTRODUCTION 

■  The  term  very  high  burning  rate  (VHBR)  propellant  refers  to  a  solid  propellant  which  has  exhibi¬ 
ted  apparent  burning  rates  between  1  and  500  m/s  (3  and  i600  ft/s).  VHBR  is  so  named  since 
conventional  propellants  burn  up  to  0.5^m/a  (1-5  ft/s)  and  explosives  above  2000  m/s  (6500  ft/s). 

Some  researchers  like  Fifer^  and  Kooker^  prefer  the  term  VHLR  which  stands  for  very  high  linear 
regression  rates.  In  this  paper,  the  terms  VHLR  and  VHBR  are  synonymous.  The  burning  rates  for  a 
VHBR  propellant  lie  in  the  range  between  normal  deflagration  (subsonic  combustion)  and  detonation 
(supersonic  combustion).  One  of  the  possible  explanations  for  this  seemingly  high  burning  rate  is 
porous  burning;  the  combustion  does  not  occur  only  at  the  surface  of  the  propellant  (layer-by-layer 
burning)  but  actually  penetrates  the  surface  and  burns  inside  of  the  propellant  (volumetric  burn¬ 
ing)'^. 


The  most  prominent  burning  rate  catalysts  for  a  VHBR  propellant  are  the  salts  of  boron  hydrides 
(particularly  and  propellants  are  composite  propellants,  and  a  typical  chemical 

formulation  wou'la  consist  of  a"^fuel,  an  oxidizer,  and  a  binder.  The  fuel  would  be  the  boron  hydride 
salt,  while  the  oxidizer  could  be  HMX,  RDX,  AN,  TAGN,  or  KNO^  (or  a  combination  of  these),  and  the 
binder  could  be  CTPB,  carbowax^lOOO,  GAP,  NC/DNT/Ai1,  epoxy,  or  PNC. 

An  application  of  a  VHBR  propellant  was  discussed  by  Helmy^  where  he  outlined  the  design  criter¬ 
ia  for  VHBR  solid  propulsion  system  in  an  in-tube  burning  rocket.  An  objective  of  the  in-tube 
propulsion  system  is  to  produce  a  maximum  thrust  in  a  minimal  amount  of  time.  Higher  rocket  veloci¬ 
ties  within  the  launcher  provide  greater  range,  accuracy,  and  effectiveness  of  a  weapons  system  such 
as  an  anti-tank  missile  or  anti-aircraft  missile.  A  propellant  with  a  very  high  burning  rate  is 
almost  a  necessity  for  such  high-performance  missile  systems. 
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UNCLASSIFIED 


One  of  the  first  VHBR  propellants  marketed  was  manufactured  by  Teledyna  McCormick  Selph  under 
the  trademark  of  HIVELITE  (High  Velocity  Ignition  Propagation  Cord).  One  application  of  the  HIVELITE 
propellant  was  in  high  energy  transfer  cords  which  consisted  of  a  core  of  HIVELITE  encased  by  a  pro¬ 
tective  lead  jacket  and  further  restrained  by  successive  layers  of  polycoat  and  fiberglass  braid. 

With  these  cords,  the  ignition  of  the  HIVELITE  could  be  initiated  at  one  end  and  propagate  through 
the  cord  at  a  nominal  rate  of  250  m/s  (800  ft/s).  The  cords  were  completely  sealed  and  contained  all 
of  the  products  of  combustion.  If  a  number  of  these  cords  were  attached  to  a  parachute  harness,  the  * 
parachutist  could  release  his  harness  instantly  in  an  emargency  situation,  such  as  landing  in  water 
on  a  windy  day  . 

Since  the  first  applications  of  HIVELITE  in  the  early  1970 *s,  interest  in  the  combustion  pheno¬ 
mena  of  VHBR  propellants  has  increased  steadily  because  of  its  potential  use  in  Interior  ballistics 
as  a  monolithic  or  travelling  charge.  A  simple  and  useful  tool  for  studying  combustion  characteris¬ 
tics  is  the  conventional  closed  bomb.  From  tha  measured  P-t  trace,  the  instantaneous  quantity  of 
combustion  product  gases  and  the  mass  of  propellant  consumed  can  be  deduced.  For  this  type  of  test, 
the  burning  rate  determined  is  often  called  the  apparent  burning  rate,  since  the  propellant  regres¬ 
sion  rate  is  not  actually  being  measured  through  direct  observation,  and  soma  assumptions,  such  as 
constant  burning  surface  area,  are  often  made. 

In  the  early  1980 's,  a  burning  rate  study  for  different  formulations  of  VHBR  propellants  was 
conducted  at  the  U.  S.  Army  Ballistic  Research  Laboratory,  using  the  closed  bomb  as  a  major  diagnos¬ 
tic  tool^.  One  of  their  objectives  was  to  study  the  confinement  effects  of  the  grain  on  the 
propellant  burning  rate.  The  samples  used  in  the  study  consisted  of  unconfined,  bare  cylinders, 

12.7  mm  (0.5  in)  diameter  by  50.8  mm  (2.0  in)  long,  and  cylinders  of  the  same  size  grain  that  were 
encased  in  steel  sleeves  1.57  mm  (0.062  in)  thick.  They  found  that  the  apparent  burning  rates  for 
the  confined  samples  were  often  considerably  higher  than  the  unconfined  samples.  For  one  of  the  for¬ 
mulations  tested,  the  burning  rate  increased  from  2.3  m/s  (7.5  ft/s)  at  50  MPa  (7250  psi)  in  the 
unconfined  sample,  to  2^7  m/s  (810  ft/s)  in  the  confined  sample.  A  second  observation  worth  noting 
here  is  that  the  burning  rate  data  for  the  unconfined  samples  were  considerably  less  reproducible 
when  compared  to  the  confined  samples. 

While  deducing  the  closed  bomb  pressure-time  data  is  arduous  work  at  best,  determining  the 
actual  combustion  processes  and  being  able  to  predict  them,  appears  to  be  a  much  mora  formidable 
task.  Kooker  and  Anderson"^  postulated  a  potential  combustion  mechanism  that  would  account  for  the 
^unconventionally ”  high  burning  rates  exhibited  by  VHBR  propellants.  They  then  developed  a  theoreti¬ 
cal  model  consisting  of  numerous  partial  differential  equations  which  were  solved  numerically. 

The  predominant  combustion  mechanism  in  Kooker  and  Anderson's  model  involves  a  stress-induced, 
grain  surface  break-up  that  ejects  solid  propellant  fragments  into  the  surrounding  flame  thereby 
creating  a  two-phase  reacting  flow.  Their  model  also  incorporates  several  different  modes  of  combus¬ 
tion.  At  the  onset  of  ignition,  the  VHBR  propellant  burns  as  a  conventional  propellant  with'  a 
fundamental  burning  rate  which  is  primarily  a  function  of  pressure  and  Initial  temperature.  As  the 
combustion  progresses,  pores  begin  to  form  in  the  burning  surface  allowing  pressure  in  the  pores  to 
be  higher  than  that  in  the  flame  zone  above  the  surface.  The  higher  pressure  gas  within  the  pores 
induce  a  stress  in  the  surrounding  propellant,  while  an  axial  strass  caused  by  the  chamber  pressure 
intensifies  the  shearing  effects.  At  a  threshold  shear  stress,  the  burning  surface  begins  to  fract¬ 
ure  and  eject  pieces  of  solid  propellant  into  the  flame  creating  a  two-phase  flow.  At  this  point, 
the  grain  surface  no  longer  regresses  at  the  fundamental  burning  rate  but  regresses  at  a  faster  rate 
based  upon  the  speed  of  grain  deconsolidation.  As  the  deconsolidation  continues,  the  surface  area  of 
the  burning  propellant  in  the  two-phase  flow  increases  drastically  causing  rapid  chamber  pressuriza¬ 
tion  which  further  increases  the  fundamental  burning  rate. 

Kooker  and  Anderson  compare  the  models  predicted  P-t  trace^  with  data  obtained  from  Juhasz,  et 
al^.  The  model  does  predict  the  rapid  pressurization,  but  the  calculated  riae  was  premature  by 
approximately  +8  ms  when  compared  to  an  actual  P-t  trace  obtained  from  a  closed  bomb  experiment  by 
Juhasz.  Even  though  it  seems  that  Kooker  and  Anderson's  theoretical  model  can  predict  the  very  high 
burning  rates  that  have  been  deduced  from  closed  bomb  test  data,  their  proposed  burning  mechanism  has 
not  been  confirmed  with  direct  observation. 

Other  theories  such  as  In-depth  (porous  or  volumetric)  burning  have  attempted  to  explain  the 
apparent  high  burning  rates  of  VHBR  propellant.  Questions  concerning  the  effect  of  boron  hydride 
concentration  on  the  burning  rate  have  been  raised.  In  a  workshop  report  entitled  "Boron  Hydrides  in 
a  Very  High  Burning  Rate  (VHBR)  Applications”  ,  Juhasz  discussed  in  detail  many  of  the  unresolved 
questions  dealing  with  VHBR  propellant  and  its  formulation.  He  also  discussed  the  recent  devalop- 
ments  in  VHBR  research  and  suggested  a  plan  for  future  research  to  answer  some  of  the  questions. 


METHOD  OF  APPROACH 


MOTIVATION  FOR  A  REAL-TIME  X-RAY  RADIOGRAPHY  SYSTEM  * 

One  of  the  most  common  tests  performed  for  the  study  of  high-pressure  combustion  behavior  of 
solid  propellants  is  a  closed  bomb  test.  In  a  conventional  closed  bomb  test,  a  sample  of  propellant 
is  burned  in  a  sturdy,  metal  enclosure  with  all  of  the  combustion  products  remaining  in  the  chamber. 
The  pressure -time  traces  measured  from  the  closed  bomb  test  can  be  used  to  deduce  the  gas  generation 
rate  in  the  chamber.  With  the  instantaneous  burning  surface  area  estimated  through  the  use  of  a  form 
function  for  the  propellant  grain  geometry,  the  linear  burning  rate  can  be  determined  as  a  function 
of  chamber  pressure.  Since  the  burning  surface  areas  are  not  measured  directly,  there  are  non- 
negligible  errors  involved  in  the  burning  rate  data  reduction  process;  thus,  the  term  "apparent” 
burning  rate  is  often  adopted. 

Some  closed  bomb  tests  use  a  strong,  optically  transparent  material  (such  as  sapphire)  for  tne 
construction  of  the  combustion  chamber.  In  these  tests,  the  propellant  can  be  observed  during  the 
test,  but  the  view  is  sometimes  obstructed  by  the  flame  or  the  buildup  of  combustion  products  inside 
the  chamber.  If  a  cylindrical  chamber  is  used,  the  image  may  also  be  distorted  due  to  the  refraction 
of  light. 

A  real-time  X-ray  radiography  system  can  help  eliminate  some  of  the  uncertainties  associated 
with  conventional  high-pressure  combustion  tests  by  actually  observing  the  grain’s  geometry  as  it  is 
consumed  Instead  of  making  assumptions  about  its  shape.  A  schematic  of  the  X-ray  system  used  in  this 
study  is  shown  in  Fig.  1.  The  X-rays  are  produced  in  the  X-ray  head,  pass  through  the  test  rig  anJ 
are  intercepted  by  the  image  Intensifier.  The  image  intensifier  transforms  the  X-ray  image  into  i 
visible  light  image.  The  visible  light  image  is  then  recorded  on  a  high-speed  video  camera  and  later 
analyzed  with  the  image  processing  equipment. 

By  burning  a  propellant  grain  in  a  chamber  which  is  fairly  transparent  to  X-rays,  many  instant¬ 
aneous,  2-dimensional  images  of  the  regressing  propellant  sample  can  be  generated  during  a  test 
firing.  Figure  2  shows  a  typical  image  as  it  would  be  viewed  on  the  video  monitor.  In  this  figure, 
the  primary  components  are  labelled.  Unlike  X-ray  film  radiography,  the  real-time  X-ray  radiography 
system  produces  an  image  that  portrays  thicker  and/or  denser  regions  as  being  darker  areas.  During 
an  actual  test  firing,  the  only  noticeable  change  in  the  image  rt^iults  from  the  regression  of  the 
propellant;  as  the  propellant  burns,  the  zone  occupied  by  propellant  is  replaced  by  relatively  low- 
density  gas  phase  causing  the  image  to  become  lighter. 


Fig.  1  Layout  of  the  Real-Time  X-Ray 
Radiography  System 
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Fig.  2  Typical  X-Ray  Image  Obtained 
from  the  X-Ray  System 


X-RAY  SYSTEM  COMPONENT  DESCRIPTION 

X-Ray  Generating  Equipment.  A  continuous  stream  of  X-rays  are  produced  by  a  Phillips  MG321  con¬ 
stant-potential  X-ray  system,  which  consists  of  a  high-voltage  power  supply*  a  controller  that 
regulates  the  power  supply,  and  an  X-ray  head  which  emits  the  X-rays.  There  are  two  X-ray  heads  that 
can  be  used  with  this  system.  The  first  head  {MCN167)  can  emit  X-rays  up  to  t60  kV,  and  the  second 
head  CMCN321)  up  to  320  kV. 


Image  Intensifler.  The  image  Intensifler  (Precise  Optics,  model  PI2^00  ATF)  transforms  the  X- 
ray  image  of  the  test  rig  into  a  visible  light  image  that  can  be  recorded  with  any  common  camera.  As 
the  X-rays  enter  the  image  intensifier,  they  are  partially  absorbed  by  a  cesium  iodide  screen  (229  mm 
(9”)  diameter].  The  cesium  iodide,  with  a  decay  time  constant  of  650  ns,  emits  electrons  which  are 
then  focused  onto  an  output  screen,  which  in  turn,  creates  an  image  in  visible  light. 

High-Speed  Video  Camera.  The  high-speed  video  camera  (Kodak,  Spin  Physics  SP2000)  is  an  elec¬ 
tronic  video  camera  which  records  its  image  onto  a  special  magnetic  tape.  It  oan  record  from  60  to 
12,000  pictures  per  second  (pps)  at  a  framing  rate  of  60  to  2000  frames  per  second  .  There  are  five 
possible  framing  rates;  60,  200,  500,  1000,  or  2000  frames  per  second.  Each  of  these  speeds  allow 
the  frame  to  be  divided  into  1,  2,  3,  or  6  pictures.  The  SP2000  camera  can  also  record  the  output  of 
two  different  camera  heads  simultaneously,  but  the  system  has  its  own  special  camera  head;  therefore, 
an  ordinary  camera  cannot  be  used. 

Image  Processing  System.  The  digital  image  processing  system  (Quantex  QX9210)  has  a  2.4  MB  dual 
8”  floppy  diskette  drive  and  50  MB  hard  disk  for  the  storage  of  150  images.  This  system  is  used  to 
enhance  and  analyze  the  X-ray  images  recorded  by  the  high-speed  video  camera. 

Thermal  Printer.  The  thermal  printer  (Advanced  Imaging  Devices,  Inc.,  model  CT1500)  produces  a 
high-resolution,  black-and-white  hard  copy  of  any  video  image  onto  thermal  paper.  These  pictures  can 
then  be  transferred  to  an  ordinary  piece  of  paper  or  to  a  transparency. 

TEST  RIG  DESIGN 

A  test  rig  has  been  designed  and  constructed  for  the  VHBR  propellant  combustion  study.  A  sche¬ 
matic  of  the  current  design  is  shown  in  Fig,  3,  and  a  description  of  some  of  the  major  components  is 
given  in  this  section. 


Fig.  3  Schematic  of  Test  Rig  for  VHBR  Propellant  Combustion  Tests 


In  a  VHBR  propellant  combustion  test,  the  sample  [2.86  cm  (1  1/8")  diameter  by  2.54  cm  to  5,08cm 
(1"  to  2")  longj  is  positioned  inside  of  a  fiberglass  tube  [4.13  cm  (1  5/8")  O.D.,  2.86  cm  (1  1/8") 
I.D.,  by  22.86  cm  (9«0")  long]  and  ignited  from  one  end  by  an  igniter  assembly  consisting  of  an  Atlas 
M-100  electric  match  and  a  bag  of  black  powder.  A  fiberglass  tube,  which  is  designed  to  be  disposa¬ 
ble,  acts  as  a  bursting  diaphragm  for  the  test.  During  a  test,  the  chamber  pressurizes  to  a  maximum 
pressure  between  100  MPa  and  170  MPa  <  15,000  and  25,000  psi)  at  which  time  the  tube  ruptures  and  the 
chamber  depressurizes  rapidly. 

The  purpose  of  the  end  enclosures  is  to  provide  structural  support  for  the  fiberglass  tube  and 
the  pressure  seals.  The  pressure  seal  consists  of  a  brass  ring,  an  0-ring,  and  a  wedge-shaped,  brass 
back-up  ring.  Retainers  are  placed  around  the  outside  circumference  of  the  fiberglass  tube  in  the 
vicinity  of  the  pressure  seals  to  prevent  the  tube  from  expanding  during  the  test. 

A  venting  nozzle  is  sometimes  inserted  at  the  downstream  end  of  the  chamber  to  release  a  portion 
of  the  combustion  product  gases  during  the  test,  thereby,  controlling  the  pressurization  rate  of  the 
chamber.  In  other. tests,  a  solid  plug  may  be  used  to  replace  the  venting  nozzle  for  conducting  con¬ 
stant-volume  combustion  tests.  A  tubular  metal  spacer  with  two  cut-away  windows  is  often  inserted 
into  the  fiberglass  tube  between  the  downstream  end  enclosure  and  the  propellant  grain  to  prevent  the 
grain  from  moving  during  the  test.  The  chamber  pressure  is  measured  with  a  Kistler  piezoelectric 
pressure  transducer  (model  607C4)  capable  of  measuring  up  to  690  MPa  (100,000  psi). 


PROPELLANT  SAMPLE  PREPARATION 


Three  different  formulations  of  VHBR  propellants  have  been  tested  in  this  study  and  are  identi¬ 
fied  by  Aerojet  (the  manufacturer)  formulation  numbers,  namely,  730,  732,  and  73^  with  0,  2.0,  and 
4.0  weight  percentage  boron  hydride,  respectively.  Since  these  tests  involve  an  end  burning  grain,  a 
flame  inhibitor  had  to  be  found  that  would  prevent  the  hot  combustion  gases  from  igniting  the  base 
and  circumferential  areas  of  the  grain.  Based  upon  a  suggestion  given  by  K«  White  of  BRL,  cellulose 
acetate  was  used  as  the  fleme  inhibitor.  Cellulose  acetate  is  a  polymer  which  is  a  solid.  When  dis¬ 
solved  in  acetone,  a  liquid  mixture  is  created  that  can  then  be  applied  to  the  propellant  surface; 
the  cellulose  acetate  becomes  solid  again  after  the  acetone  evaporates. 

In  the  sample  preparation,  a  here  piece  of  cylindrical  propellant  with  a  diameter  of  2.69  cm 
(1  1/16”),  is  coated  with  cellulose  acetate  on  its  circumference  using  a  small  paint  brush  until  an 
outer  diameter  of  2.86  cm  (1  1/8”)  is  obtained.  The  final  diameter  corresponds  to  the  inside  diame¬ 
ter  of  the  fiberglass  tube.  The  basa  of  the  grain  is  aleo  Inhibited  with  the  same  thickneas  of 
cellulose  acetate.  To  avoid  the  formation  of  large  bubbles,  the  flame  inhibitor  is  not  applied  in  a 
single  coat;  instead,  it  is  applied  to  the  propellant  surface  in  as  many  as  20  coats,  alternating 
with  a  15  minute  drying  period  between  coats. 

GRAIN  THICKNESS  MEASUREMENT  USING  X*RAY  RADIOGRAPHY 

Since  in-depth,  porous  burning  is  a  possible  burning  mechanism  of  a  VHBR  propellant,  one  of  the 
goals  of  the  current  study  is  to  meesure  the  thickness  (or  density)  of  the  propellant  grain  during  a 
test  firing  using  the  X-ray  system.  Since  X-ray  attenuation  is  a  function  of  density,  thickness,  and 
composition  of  an  object.  X-ray  radiography  cannot  precisely  distinguish  between  the  density  and 
thickness  of  a  grain.  For  this  reason,  it  is  easier  to  disprove  in-depth,  porous  burning  than  to 
verify  it.  If  the  X-ray  intensity  of  the  condensed  phasa  of  the  propellant  does  not  change  during  a 

test  firing,  then  it  can  be  said  that  no  change  In  density  or  thickness  occurs.  If,  however,  the  X- 

ray  intensity  increases  during  a  teet  firing,  the  cause  could  be  side  burning  of  the  grain  and/or  a 

decrease  in  density.  If  side  burning  occurs  at  the  top  or  the  bottom  regions  of  the  X-ray  image,  it 

can  be  recognized  easily  (see  Fig.  4a),  but  if  the  side  burning  occurs  near  the  center  of  the  image, 
it  could  not  be  distinguished  from  in-depth,  porous  burning  (see  Fig.  4b).  If  many  tests  show  an 
increase  in  X-ray  intensity  with  no  evidence  of  side  burning,  it  could  be  inferred  with  reasonable 
cer^inty  that  in-depth,  porous  burning  was  the  cause. 
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Fig.  4  Illustrative  Schematic  of  Side  Burning  Phenomema 

The  general  procedure  for  determining  the  thickneas  of  e  propellant  grain  using  the  real-time  X- 
ray  radiography  system  Is  quite  simple,  but  the  details  are  not  so  straight-forward.  Only  the  gener¬ 
al  procedure  will  be  explained  here.  During  a  test  firing,  the  propellant  grain  is  surrounded  by  a 
fiberglass  tube.  In  order  to  obtain  instantaneous  thickness  measurements  of  a  test  sample  during  a 
test  firing,  calibration  images  are  recorded  under  the  same  conditions  aa  the  test  firing,  i.  e.  the 
same  test  rig  location.  X-ray  head  location,  incoming  X-ray  intensity,  image  intenslfier  location, 
high-speed  camera  head  position,  camera  lens  aperture,  and  video  recording  speed.  The  only  differe¬ 
nce  between  the  test  firing  images  and  the  calibration  images  is  the  propellant  sample;  for  the 
calibration  Images,  the  cylindrical  propellant  sample  is  replaced  by  propellant  slabs  of  uniform 
thickness  that  are  positioned  outside  of  the  test  chamber  in  front  of  the  empty  fiberglass  tube.  Ten 
calibration  images  are  recorded  in  this  way,  with  the  thickness  of  the  propellant  slabs  ranging  from 
0  to  2.86  cm  (0  to  1  1/8")  incremented  by  0.32  cm  (1/8”).  After  a  test  firing,  the  video  image  of 
the  sample  during  the  test  firing  can  be  compered  to  the  calibration  images  using  the  Quantex  digital 
image  processing  system. 


I 


For  obtaining  propellant  thickness  distributions,  it  is  necessary  to  determine  the  region  of  the 
X-ray  test  firing  image  where  the  thickness  of  the  propellant  grain  is  of  a  specified- value  with  cer¬ 
tain  tolerance  Ce*g.  1*27±0,16  cm).  The  tolerance  of  ±0*16  cm  is  one-half  of  the  uniform  slab 
thickness  increment  of  0.32  cm  which  is  used  in  generating  the  calibration  images.  Using  the  Quan- 
tex,  the  test  image  is  compared  to  the  calibration  image  of  the  specified  thickness  (1.27  cm).  The 
image  processor  then  determines  which  region (s)  on  the  test  firing  image  has  the  same  intensity  as 
the  calibration  image  and  highlights  those  regions  on  the  test  image  by  turning  them  white.  These 
white  regions  (isophote  regions)  correspond  to  regions  with  a  propellant  thickness  of  the  specified 
thickness  (e.g.  1.27±0.l6  cm).  Two  pictures  from  the  Quantex  showing  the  results  of  this  type  of 
analysis  are  presented  in  the  Results  section  of  this  paper. 

RESULTS 

In  this  study,  the  combustion  behavior  of  three  formulations  of  very  high  burning  rate  (VHBR) 
propellants  were  investigated  and  observed  by  using  a  real-time  X^ray  radiography  system.  The  pro¬ 
pellant  formulations  are  assigned  identification  numbers:  730  for  0%  boron  hydride,  732  for  2%  boron 
hydride,  and  73^  for  boron  hydride  (weight  percentage).  The  results  of  this  study  are  presented 
according  to  the  following  three  major  categories; 

1.  burning  mechanisms  of  VHBR  propellants  determined  qualitatively  from  the  X-ray  images. 

2.  burning  mechanisms  studied  using  propellant  thickness  measurements  obtained  from  the  X-ray 
radiography  system. 

3.  the  effect  of  boron  hydride  concentration  on  the  combustion  characteristics  of  VHBR  propel¬ 
lant  and  a  discussion  on  the  reproducibility  of  the  pressure-time  traces. 

BURNING  MECHANISMS  OF  VHBR  PROPELLANTS  DETERMINED 
QUALITATIVELY  FROM  THE  X-RAY  IMAGES 

The  first  formulation  of  propellant  tested  was  the  732  which  was  cast  into  a  thin  fiberglass 
casing  [0.079  cm  (l/32*‘)  thick]  whose  diameter  is  0.005  cm  (0,002  in)  smaller  than  the  inside  diame¬ 
ter  of  the  fiberglass  combustion  chamber.  Since  the  propellant  was  cast,  a  strong  bond  was  created 
between  the  propellant  and  its  casing.  For  some  tests,  the  casing  remained  on  the  propellant  (enca¬ 
sed  grain),  and  in  other  tests  the  casing  was  removed  and  the  grain  was  inhibited  with  cellulose 
acetate  on  all  surfaces  except  the  front  end  (inhibited  grain). 

Figure  5  shows  the  results  of  a  test  firing  of  the  732  formulation  with  the  casing  being  left 
intact  (encased  grain).  Two  hundred  instantaneous,  X-ray  images  were  recorded  during  the  test,  but 
the  four  images  shown  in  Fig,  5  are  representative  of  the  entire  test.  In  this  test,  a  brass  nozzle 
with  a  throat  diameter  of  0,20  cm  (0.079  in)  was  used  to  release  oombustion  gases  from  the  chamber 
throughout  the  test  so  that  the  pressurization  rate  of  the  chamber  and  test  duration  could  be  con¬ 
trolled,  As  the  pictures  indicate,  the  grain  Initially  burns  with  a  planar  burning  surface,  but 
transforms  into  a  conical  burning  surface  as  the  test  progresses.  Seven  tests  using  the  732  formul¬ 
ation  were  performed  with  the  encased  grain,  and  all  of  them  showed  this  type  of  transformation  from 
planar  to  conical  burning.  Two  possible  explanations  for  the  presence  of  a  conical  burning  surface 
are;  1)  debonding  of  the  propellant  grain  from  the  casing  allowing  the  flame  to  propagate  between  the 
grain  and  casing  and/or  2)  heat  transfer  from  the  hot  product  gases  through  the  casing,  causing  the 
circumference  of  the  grain  to  become  warmer  (preheated)  than  the  center  resulting  in  a  higher  burning 
rate  at  the  circumference.  In  these  tests,  even  though  the  grain  regresses  conically,  no  evidence  of 
any  "unconventional”  burning  mechanisms  was  observed.  Layer-by-layer  burning  is  the  predominate 
burning  mechanism  with  no  grain  deconsolidation;  a  more  quantitative  method  for  substantiating  these 
statements  is  discussed  in  the  next  section. 

The  pressure-time  trace  in  Fig.  5  can  be  divided  into  three  distinct  regions.  From  0  to  12  ms, 
the  chamber  was  prepressurized  by  a  bag  of  FFFg  black  powder  (3*0  gm).  From  12  to  02  ms,  the  pres¬ 
surization  is  caused  mainly  by  the  burning  by  the  burning  of  the  VHBR  propellant,  and  at  62  ms  the 
fiberglass  tube  ruptured  instantaneously  causing  the  rapid  depressurization  of  the  chamber.  The  cham¬ 
ber  pressure  corresponding  to  each  of  the  four  X-ray  Images  is  marked  on  the  P-t  trace  as  A,  B,  C, 
and  D. 


The  conical  burning  surface  that  is  prevalent  in  the  encased  grain  is  much  more  difficult  to 
analyze  using  X-ray  radiography  than  a  planar  burning  surface  profile.  It  is  preferable  to  have  a 
planar  burning  surface  profile  Illustrated  by  the  following  reasons: 

1.  With  conical  burning,  the  burning  surface  area  is  changing  during  the  test,  thus  preventing 
an  accurate  determination  of  the  burning  surface  area;  with  a  planar  burning  surface,  an 
assumption  of  constant  burning  surface  area  is  reasonable. 
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Figure  5  A  Typical  Set  of  Test  Results  for  an  Encased  Propellant  Grain 


2.  Vith  a  conical  burning  contour,  it  would  be  very  difficult  to  distinguish  from  the  X-ray 
image  between  a  change  in  propellant  density  and  a  change  in  grain  thickness.  A  planar  burn¬ 
ing  surface  would  allow  the  separation  of  the  thickness  and  density  effects. 

3.  It  is  more  difficult  to  obtain  a  linear  burning  rate  from  the  X-ray  image  If  the  burning 
surface  is  conical. 

There  is  a  higher  probability  of  reproducibility  of  test  events  if  the  burning  surface 
remains  planar. 


Because  of  these  complications  associated  with  conical  burning,  considerable  time  and  effort 
were  devoted  to  the  development  of  a  procedure  for  the  application  of  an  effective  flame  inhibitor  to 
the  VHBR  propellant  grain  surface  for  achieving  a  planar  burning  surface  condition.  The  application 
of  cellulose  acetate  as  described  in  the  Method  of  Approach  section  was  found  to  be  effective.  The 
first  test  with  the  cellulose  acetate  was  very  promising,  60$  of  the  grain  regressed  with  a  planar 
contour  before  the  cellulose  acetate  was  penetrated  by  the  hot  combustion  gases.  Eighteen  tests  were 
performed  with  the  cellulose  acetate  flame  Inhibitor,  each  with  a  varying  degree  of  success.  How¬ 
ever,  for  the  lasts  six  tests  involving  all  three  propellant  formulations,  the  propellant  grain 
exhibited  planar  burning  throughout  the  entire  test.  The  results  of  one  of  these  six  tests  are  shown 
in  Fig.  6. 

In  this  test,  formulation  734  was  tested  in  a  vented  chamber  with  a  brass  nozzle  which  had  a 
throat  diameter  of  0.19  cm  (0.076  in).  Comparing  the  X-ray  images  shown  in  Fig.  6  (inhibited  grain) 
with  those  of  Fig.  5  (encased  grain),  it  can  be  seen  that  while  a  conical  burning  surface  is  predomi¬ 
nant  in  the  encased  grain  test,  a  planar  burning  surface  is  predominant  in  the  inhibited  grain  test. 
Although  the  burning  surface  in  Fig.  6  is  not  perfectly  planar,  the  burning  surface  area  is  approxi¬ 
mately  constant  throughout  the  test.  The  maximum  pressure  for  this  test  was  only  80  MPa  (11,600  psi) 
because  the  brass  nozzle  was  eroded  from  a  diameter  of  0.19  cm  (0.076  in)  to  0.27  cm  (0.106  in);  this 
erosion  doubled  the  throat  area  and  thereby  slowed  the  pressurization  of  the  chamber.  Since  the 
pressure  was  relatively  low,  the  fiberglass  tube  did  not  rupture,  and  the  chamber  "slowly"  depressur¬ 
ized  as  the  combustion  products  flowed  through  the  exit  nozzle.  The  lead  spot  shown  in  images  A 
through  D  was  placed  on  the  input  screen  of  the  image  intensifier;  this  facilitates  the  installation 
and  alignment  of  the  test  rig  and  X-ray  radiography  system  in  a  highly  reproducible  manner. 

In  this  test,  the  cellulose  acetate  worked  quite  well,  but  in  some  of  the  previous  tests  perfor¬ 
med  with  the  cellulose  acetate,  the  flame  penetrated  the  inhibitor  causing  the  sides  of  the  grain  to 
burn.  The  diffusion  of  one  or  more  propellant  ingredients  into  the  cellulose  acetate  could  explain 
this  variability;  the  longer  the  time  between  the  application  of  the  flame  inhibitor  and  the  test 
firing,  the  more  flammable  the  inhibitor  becomes.  Based  upon  this  observation,  it  appears  that  the 
tests  should  be  performed  within  36  hrs  of  the  application  of  the  cellulose  acetate.  The  six  most 
recent  tests  were  performed  within  36  hrs  of  the  application  of  the  inhibitor,  and  none  of  them 
showed  any  signs  of  the  flame  penetration  into  the  inhibited  layer  of  the  propellant  grain. 

BURNING  MECHANISMS  STUDIED  USING  PROPELLANT 
THICKNESS  MEASUREMENTS  OBTAINED  FROM  THE  REAL-TIME 
X-RAY  RADIOGRAPHY  SYSTEM 

The  procedure  that  is  used  to  determine  the  thickness  of  the  propellant  grain  was  explained  in 
the  Method  of  Approach  section.  The  objective  of  the  thickness  measurements  is  to  determine  which 
region (s)  on  an^  X-ray  image  of  a  propellant  grain  correspond  to  a  specified  thickness  of  propellant. 
To  illustrate  a  typical  result,  the  third  X-ray  iioage  from  Fig.  6  was  analyzed,  and  the  results  are 
shown  in  Fig-  7.  The  four  separated  white  regions  in  7(b)  indicate  propellant  thicknesses  of  0.95, 
1.59,  2.22,  and  2.86  cm  (3/8",  5/8",  7/8",  and  9/8").  In  an  ascending  order  of  thickness,  the  outer¬ 
most  ring  represents  the  propellant  thickness  of  0.95  cm  (3/8"),  and  the  innermost  region  corresponds 
to  a  thickness  of  2.86  cm  (9/8").  To  avoid  over  crowding  the  isophote  lines.  Fig.  7(c)  shows  three 
separate  constant-thickness  regions  which  are  Intermediate  to  those  shown  in  Fig.  7(b).  The  ring 
structure  of  the  constant-thickness  regions  implies  no  grain  deconsolidation. 

Under  ideal  conditions,  the  constant-thickness  regions  of  a  perfect  cylindrical  propellant  grain 
should  be  a  set  of  horizontal  bands  on  the  side  view  of  the  X-ray  image.  Due  to  the  relatively  short 
distance  [approximately  100  cm  (39  in)]  from  the  X-ray  source  (focal  point)  of  the  X-ray  tube  head  to 
the  propellant  sample  and  the  finite  size  of  the  focal  point  [4  mm  by  4  mm  (0.16  in  by  0.l6  in)], 
there  exists  a  geometric  unsharpness  effect^  which  blurs  an  X-ray  image.  Therefore,  the  horizontal 
bands  of  the  same  thickness  are  connected  to  form  ring  structures. 

Other  possible  reasons  for  the  connection  of  the  horizontal  bands  are  non-planar  burning  of  the 
propellant  grain  and/or  porous  burning  near  the  regressing  surface.  The  vertical  white  isophote 
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Figure  6  A  Typical  Set  of  Test  Results  for  an  Inhibited  Propellant  Grain 


lines  on  the  left  end  of  the  X-ray  ioiage  (Fig.  7(b))  near  the  interface  of  the  end  enclosure  and  the 
propellant  grain  are  caused  mainly  by  any  misalignment  of  the  calibration  images  with  the  test  image 
and  intentional  blurring  of  the  image  using  the  image  analyzer. 

Since  the  initial  diameter  of  the  grain  was  2*86  cm  (9/8”),  the  existence  of  the  white  isophote 
region  in  the  center  of  Fig-  7(b)  reveals  that  no  circumferential  or  porous  burning  has  occured  in 
that  region  any  time  before  the  instant  the  picture  was  recorded  (130  ms  after  initial  pressurization 
of  the  chamber).  In  general,  a  thicker  white  ring  indicates  that  the  gradient  of  thickness  with  re¬ 
spect  to  a  particular  direction  is  small,  while  a  thinner  white  ring  indicates  a  steeper  gradient  of 
thickness.  Since  portions  of  the  burning  surface  have  both  large  and  small  thickness  gradients,  it 
can  be  inferred  that  some  regions  on  the  burning  surface  developed  indentations. 


Even  though  porous  burning  may  be  responsible  for  some  of  the  variations  of  spacing  and  band 
width,  it  cen  be  estimated  from  these  measurements  that  it  does  not  penetrate  below  3  mm  (1/8''}  into 
the  burning  surface.  Similar  images  were  produced  for  the  other  formulations,  and  significant  in- 
depth  burning  was  not  observed.  These  propellants  burned  in  a  layer-by-layer  fashion. 


(a)  original  image  at  time 
130  ms  after  the  onset  of 
chamber  pressurization 


{b)  0.95,  1.59,  2.22,  4  2.86  cm 
(3/8,  5/8,  7/8,  4  9/8  in) 
constant-thickness  regions 


(c)  0.64,  1.90,  &  2.54  cm 
(1/2,  3/^#  4  1  in) 
constant-thickness  regions 


Fig.  7  Determination  of  Constant-Thickness  Regions  of  a  Burning  VHBR 
Propellant  Grain  Using  a  Digital  Image  Processor 
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A  DISCUSSION  ON  THE  REPRODUCIBILITY  OF  THE 
PRESSURE-TIME  TRACES 


The  burning  rate  and  pressure  data  deduced  from  a  typical  test  using  VHBR  propellant  formulation 
734  are  given  in  Table  I.  The  burning  rate  data  were  obtained  by  selecting  8  images  from  the  teat 
firing  (video  time  corresponding  to  each  image  is  given  in  column  1),  measuring  the  length  of  the 
unburned  grain  using  the  image  processor  (columns  2  and  3)>  and  then  dividing  the  change  in  length  by 
the  change  in  time  for  2  adjacent  data  points  to  obtain  the  burning  rate  (columns  4  and  5).  The 
pressure  (colutons  7  and  8)  is  the  average  pressure  between  data  points.  More  than  one  set  of  burning 
rate  data  can  be  obtained  for  each  test  firing  simply  by  choosing  a  different  set  of  images  to  be 
analyzed.  Burning  rate  data  were  deduced  for  11  test  firings  in  this  manner,  and  plots  of  the  burn¬ 
ing  rates  versus  pressure  (log-log  plot)  are  shown  in  Figs.  8  and  9  for  all  three  formulations 
tested.  While  the  burning  rates  for  the  732  {2%  boron  hydride)  and  the  734  (4?(  boron  hydride)  are 
comparable,  the  burning  rates  of  the  730  (O^t  boron  hydride)  are  considerably  lower.  This  implies 
that  the  increase  of  boron  hydride  from  0  to  235  has  a  pronounced  influence  on  the  burning  rate,  but 
the  Increase  from  2  to  435  does  not  significantly  influence  the  magnitude  of  the  burning  rate.  How¬ 
ever,  the  addition  of  boron  hydride  from  2  to  435  does  affect  the  burning  rate  exponent.  Both  the  730 
and  the  732  formulations  reveal  a  noticeable  change  in  burning  rate  exponent  at  32  and  50  MPa 
(4600  psi  and  7200  psi)  respectively,  but  the  734  formulation  has  a  less  obvious  change  in  burning 
rate  exponent. 


Table  I  Burning  Rates  Deduced  from  X-ray  Images  and  Measured  Chamber  Pressure 
During  a  Typical  Test  Firing  of  734  VHBR  Propellant 
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(cm) 
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2.0565 

2.55 

1.00 

0.0 

0.0 
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7.2 

2,1000 

2.29 

0.90 
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2.4 

3153 

21.7 

2.1205 
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0.80 
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5.0 
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33.7 
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0.67 
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7.0 
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71.5 
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11075 
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Fig.  8  Burning  Rates  vs^  Pressure  for  VHBR 
Propellant  Formulations  730  and  732 


Fig.  9  Burning  Rates  vs.  Pressure  for  VHBR 
Propellant  Formulations  730  and  73^ 


Since  the  burning  rete  of  the  730  formulation  (with  no  boron  hydride)  is  lower  than  the  other 
two  formulations  (with  boron  hydride),  the  rate  of  preseurization  of  the  combustion  chamber  is  also 
lower.  In  the  tests  involving  the  730  formulation  conducted  with  a  vented  chamber,  the  chamber 
depressurized  after  being  pressurized  to  13.8  MPa  (2000  psi)  by  the  combustion  of  e  bag  of  black 
powder  (igniter  pressure).  In  similar  tests  with  the  732  end  the  73^,  the  chamber  pressure  always 
Increased  after  the  attainment  of  the  igniter  pressure.  The  X-ray  image  indiceted  that  the  730  had 
Ignited,  but  It  did  not  burn  fast  enough  to  compensate  for  the  gases  that  were  leaving  the  chamber 
through  the  exit  nozzle.  The  igniter  pressure  for  all  of  the  tests  has  been  approximately  15  MPa 
(2200  psi),  and  If  the  burning  rates  for  each  formulation  at  this  pressure  are  compared  (1.8  cm/s, 

7,i\  cm/s,  and  5.5  cm/s  for  730,  732,  and  73^  formulations,  respectively)  it  is  possible  that  the 
burning  rate  of  the  730  formulation  is  not  high  enough  to  compensate  for  the  combustion  gases  that 
are  exiting  through  the  venting  nozzle.  A  simple  conservation  of  mass  calculation  was  performed  for 
the  vented  chamber  (assuming  ideal  gas)  revealing  that  a  burning  rate  of  2.5  cm/s  (1.0  in/s)  or 
greater  was  necessary  to  pressurize  the  chamber. 

In  the  tests  performed  with  the  730  formulation  under  constant -volume  conditions  (the  brass 
nozzle  was  replaced  by  e  eolid  plug),  a  sample  of  propellant  residue  was  recovered.  The  recovered 
sample  was  highly  porous  (greater  than  80?  void  fraction);  the  texture  and  color  resembled  steel 
wool.  After  analyzing  the  X-ray  images  from  the  test  firings  with  the  image  analyzer,  it  was  deter¬ 
mined  that  the  propellant  grain  had  continued  to  burn  after  the  fiberglass  tube  ruptured.  This 
recovered  propellant  residue  was  very  similar  to  the  porous  residue  from  the  burning  of  the  730  for¬ 
mulation  in  ambient  air.  The  732  formulation  was  also  burned  in  ambient  air,  however,  no  residue  was 
recovered  due  to  the  vigorous  burning  phenomena. 

An  important  characteristic  of  a  gun  propellant  la  its  ability  to  reproduce  the  pressure-time 
history  under  identical  test  conditions.  In  order  to  teat  the  reproducibility  of  the  VHBR  propel¬ 
lant,  two  pairs  of  constant-volume  teats  were  performed:  one  pair  with  the  730  formulation  (Fig.  10) 
and  one  pair  with  the  732  formulation  (Fig.  11).  The  cellulose  acetate  flame  inhibitor  was  used  in 
all  four  of  these  tests.  While  there  is  some  variation  in  the  P-t  traces  for  the  730  formulation, 
virtually  no  variation  occured  in  the  732  formulation.  If  the  bottom  curve  In  Fig.  10  is  shifted  to 
the  left  by  9  ms,  very  good  agreement  between  the  P-t  traces  is  achieved  (Fig.  12);  a  longer  ignition 
delay  time  in  the  bottom  curve  of  Fig.  10  could  account  for  this  effect.  This  may  appear  artificial, 
but  the  resulting  plot  (Fig.  12)  shows  that  dP/dt  (an  indication  of  gas  generation,  and  burning  rate) 
is  almost  the  same  in  both  teats  for  the  entire  preseure  range.  Another  point  worth  mentioning  is 
the  fact  that  the  rupture  pressure  of  the  fiberglass  tube  is  highly  dependent  upon  the  length  of  the 
test;  the  fiberglass  tubes  ruptured  at  approximately  110  MPa  (16,000  psi)  for  the  longer  tests 
(Fig.  10)  and  approximately  150  MPa  (21,700  psi)  for  the  shorter  tests  (Fig.  11). 


CHAMBER  PHEE3URE  (MPa) 


d  ^0  [[JpD  l&Q  ZOO  250 

TIME,  toa 

Pig.  10  Comparison  of  Two  P-t  Traces  for 
Formulation  730  Under  Identical 
Teat  Conditions 


Pig.  71  Comparison  of  Two  P-t  Traces  for 
Formulation  732  Under  Identical 
Test  Conditions 
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Fig.  12  Comparison  of  two  P-t  Traces  for  Formulation  730  after 
Adjusting  the  Initial  Time  for  One  Traoe  by  9  ms 

CONCLUSIONS 


1.  The  feasibility  of  using  a  real-time  X-ray  radiography  system  for  observing  the  combustion 
phenomena  of  VHBP  propellants  has  been  demonstrated. 

2.  Three  types  of  VHBR  propellant  with  0,  2,  and  (weight  percentage)  boron  hydride  burning 
rate  catalyst  were  tested:  the  results  indicate  that  an  increase  of  boron  hydride  -concentr¬ 
ation  from  0  to  2%  has  a' significant  effect  on  the  burning  rate.  However,  a  further  increase 
in  boron  hydride  from  2  to  does  not  change  the  magnitude  of  the  burning  rate  by  any  signi¬ 
ficant  amount.  Slope  breaks  in  log-log  plots  of  burning  rate  versus  pressure  were  noted  for 
these  propellants. 

3.  The  X-ray  images  showed  layer-by-layer  burning  mechanisms  for  all  three  propellant  formula¬ 
tions.  In  this  study,  grain  deconsolidation  was  not  obserTed  under  the  conditions  tested. 

^1.  The  instantaneous  grain  geometry  and  thickness  profiles  of  VHBR  propellant  samples  were 
analyzed  using  isophote  analysis  of  a  digital  image  processor.  Results  indicate  no  volume¬ 
tric  burning  was  present  in  any  of  the  tests  conducted.  Additional  studies  are  required  to 
determine  whether  the  surface  reaction  layer  exhibits  porous  burning  or  Indentations. 

5.  The  measured  pressure-time  traces  and  recorded  X-ray  images  for  identical,  initial  test  con¬ 
ditions  show  a  high  degree  of  reproducibility.  This  implies  the  high  potential  of  utilizing 
this  family  of  VHBR  propellants  for  gun  interior  ballistic  purposes. 


ACKNOWLEDGEMENTS 


This  work  represents  a  part  of  the  research  results  obtained  under  contract  No*  DAAL-D3-87-K- 
D06^  sponsored  by  the  Ar&iy  Research  Office,  Research  Triangle  Park,  NC,  under  the  management  of 
Dr.  David  M.  Mann.  The  support  and  encouragement  of  technical  monitors  of  BRL  are  also  appreciated. 
The  authors  would  like  to  thank  Aerojet  Propulsion  Company  for  providing  the  propellant  samples  used 
in  this  study.  The  efforts  of  Mr.  Robert  Tompkins  and  Mr.  Charles  D.  Bullock  of  BRL  for  the  supply 
of  fiberglass  tubes  and  high-pressure  seals  are  also  acknowledged. 

REFERENCES 

1.  R.  A.  Fifer,  "Workshop  Report:  Combustion  of  Very  High  Burning  Rate  (VHBR)  Propellants,"  t8th 
JANNAF  Combustion  Meeting,  CPIA  publication  no.  3^7,  Voi.  II,  October  1981. 

2.  D.  E.  Kooker  and  R.  D.  Anderson,  "A  Combustion  Theory  for  Very  High  Regression-Rate  Solid 
Propellant,"  AIAA/SAE/ASME  19th  Joint  Propulsion  Conference,  AIAA-83-1 196,  June  1983. 

3.  A.  A.  Juhasz,  I.  W.  May,  W.  P.  Aungst,  F.  R.  Lynn,  "Combustion  Studies  of  Very  High  Burning 
Rate  (VHBR)  Propellants,"  Ballistic  Research  Laboratory  Memorandum  Report  ARBRL-MR-03152, 
February  1982. 

i|.  A.  M.  Helmy,  "Criteria  Analysis  of  VHBR  Solid  Propulsion  System  for  In-Tube  Burning  Rocket 
Application,"  AIAA/SAE/ASME  19th  Joint  Propulsion  Conference,  AIAA-83-1 1 1 1 ,  June  1983. 

5.  Teiydyne  McCormick  Selph,  Technical  Bulletin  no.  7^-7,  197M. 

6.  A.  A.  Juhasz,  "Workshop  Report  -  Boron  Hydrides  in  Very  High  Burning  Rate  (VHBR)  Applica¬ 
tions,"  Ballistic  Research  Laboratory  Technical  Report  BRL-TR-285*I,  October  1987. 

7.  editors  R.  A.  Quinn  and  C.  C.  Sigl,  "Radiography  in  Modern  Industry,"  Eastman  Kodak  Company, 

1980. 


M  a-  a 


I  ^ 

■■•UNCLASSIFIED 

SOME  HIGH-PRESSURE  COHDUSTIOH  CHARACTERISTICS  Of  VHDR  PROPELLANTS* 

R.  H.  Sali2Zon1,  H.  11.  Hs1eh,  A.  Peretz;  K.  K.  Kuo 
Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16002  .. 


ABSTRACT 

Very  high  burning  rate  (VIIBR)  propellants  have  high  potential  for  achieving  high  mass  generation 
rates  and  thrusts  In  extremely  short  time  periods.  Their  burning  characteristics  have  been  studied 
under  both  quasi-steady  and  dynamic  pressurization  conditions  using  a  strand  burner,  a  real-time  X-ray 
radiography  system  with  a  constant-volume  bomb,  and  an  Interrupted  burning  test  setup.  Burning  rates  of 
VHBR  propellants  were  found  to  depend  strongly  upon  the  boron  hydride  concentration,  chamber 
pressurization  rate,  and  operating  conditions.  Durning  rate  slope  breaks  of  certain  types  of  VHBR 
propellants  were  observed.  Several  recovered  propellant  samples  showed  very  complex  burning  surface 
reaction  zone  structures.  Some  with  a  significant  amount  of  dimples  and  craters  below  the  surface 
level;  others  with  both  dimples  and  mushroom-shaped  protrusions  above  the  surface.  The  convection 
burning  mechanism  must  be  studied  to  describe  these  peculiar  combustion  phenomena. 

INTRODUCTION 

Previous  work^  of  this  study  concentrated  on  using  a  real-time  X-ray  radiography  system  to  observe 
the  combustion  processes  of  three  very  similar  formulations  of  VHDR  propellants.  These  three 
formulations  contained  0,  2,  and  4X  of  the  boron  hydride,  DioHio»  burning  rate  catalyst.  Using  the 
real-time  X-ray  system.  Instantaneous  burning  rates  of  the  VHDR  propellants  were  measured  from  a  series 
of  X-ray  video  Images  of  the  grain  with. chamber  pressure  reaching  172  MPa  (25,000  psi)  In  80  ms. 


To  familiarize  the  reader  with  the  major  findings  of  the  previous  work,  some  key  results  are 

sunwarized  below. 

1.  An  Increase  of  boron  hydride  concentration  from  0  to  2%  has  a  significant  effect  on  the  burning 

rate.  However,  a  further  increase  In  boron  hydride  from  2  to*4X  does  not  change  the  magnitude  of 
the  burning  rate  by  any  significant  amount.  Slope  breaks  In  log-log  plots  of  burning  rate  versus 
pressure  were  noted  for  these  VHBR.  propellants.  ■'! 

2.  From  the  X-ray  Images,  grain  deconsolidation  was  not  observed  under  the  conditions  tested. 

/■ 

3.  The  measured  pressure-time  traces  and  recorded  X-ray  Images  for  Identical,  Initial  test 
conditions  show  a  high  degree  of  reproducibility.  This  Implies  the  high  potential  of 
utilizing  this  family  of  VHDR  propellants  for  gun  Interior  ballistic  purposes. 


As  part  of  an  ongoing  effort  to  determine  burning  behaviors  of  VHDR  solid  propellants,  this  paper 
focuses  on  three  primary  objectives:  1}  to  measure  the  linear  burning  rates  of  VHDR  propellants  in  an 
optical  strand  burner  with  quasi-steady  pressures  up  to  38.4  MPa  (5400  psi);  2}  to  study  the  burning 
surface  geometry  by  Interrupting  the  combustion  process  and  recovering  propellant  samples  through  rapid 
depressurization;  and  3)  to  observe  the  regression  of  propellant  grains  using  a  real-time  X-ray 
radiography  system  as  grains  burn  In  a  50  cc  constant  volume  chamber. 

METHOD  OF  APPROACH  / 


OPTICAL  STRAND  DURHER  .v  ■ 

A  windowed  strand  burner  with  pressure  control  and  nitrogen  purge  systems  was  used  to  obtain 
quasi-steady  burning  rates  of  VHBR  propellants.  Durning  rate  data  were  obtained  In  the  following 
manner:  1)  the  propellant  was  placed  vertically  into  the  strand  burner;  2).  a  41  MPa  (6000  psi) 
nitrogen  bottle  was  used  to  pressurize  the  chamber  and  supplied  purge  gas  to  remove  the  combustion 
product  gases;  3)  an  exhaust  valve  was.’ adjusted  until  the  chamber  was  pressurized  to  a  desired 
steady-state  pressure  level;  4)  a  nichrome  wire  Ignition  system  was  employed  to  Ignite  the  propellant 
sample;  5)  recorded  video  Images  of  a  burning  propellant  are  superimposed  with  a  ruler;  and  6)  by 
determining  the  instantaneous  length  of.rthe  propellant  strand  as  a^function  of  time,  the  burning  rate  of 
the  propellant  was  deduced. 


*This  work  represents  a  part  of  the  research  results  obtained  under  Contract  No.  0AAL-D3-87-K-DD64 
sponsored  by  the  Army  Research  Office,  Research  Triangle  Park,  NC,' under  the  management  of  Dr.  David  M. 
Mann.  The  support  and  encouragement  of* Dr.  Arpad  A.  Juhasz  of  DRLils  also  appreciated.  The  authors 
would  like  to  thank  Aerojet  Propulsion  Company  and  Verltay  Technology,  Inc.  for  providing  the  propellant 
samples  used  in  this  study.  In  particular,  the  authors  would  like  to  thank  Hr.  James  T.  Barnes  and  Mr. 
Edward  0.  Fisher  of  Verltay. 
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Burfng  a  strand  burner  test,  a  Kistler  piezoelectric  pressure  transducer  was  used  to  measure  the 
p-t  data,  and  the  signal  was  digitized  and  recorded  on  a  Nicolet  4094  digital  oscilloscope.  Because  of 
the  fast  burning  nature  of  the  VIIBR  propellants,  maintaining  a  constant  pressure  in  the  optical  strand 
burner  was  impossible  without  changing  the  strand  burner  design.  ,  Thus,  it  was  decided  to  let  the 
chamber  pressurize  slightly  during  the  test.  In  this  study,  the  typical  rise  in  pressure  ranged  from 
1,4  to  2.8  MPa  (200  to  400  psi).  Therefore,  the  strand  burner  results  reported  here  can  only  be 
regarded  as  quasi-steady  burning  rates. 

X-RAY  RAOIOGRAPHY  SYSTEM  i' 

The  purpose  of  the  real-time  X-ray  radiography  system  is  to  generate  many  instantaneous,  2-0  images 
of  a  propellant  grain  as  the  grain  burns  in  a  high-pressure  chamber.  A  schematic  diagram  of  the  X-ray 
system  is  shown  in  Fig.  1.  The  X-rays  are  produced  in  the  X-ray  head,  pass  through  the  test  rig  and  are 

intercepted  by  the  image  intensifier.  The  image  intensifier  transforms  the  X-ray  image  into  a 

visible-light  image  with  a  time  constant  less  than  1  microsecond.  This  visible  light  image  is  then 
recorded  with  a  high-speed  video  camera,  and  later  analyzed  with  an  image  processing  system,  A  detailed 
description  of  the  X-ray  system  is  given  in  Refs.  2  and  3.  . 

TEST  RIGS  FOR  X-RAY  ANB  INTERRUPTEB  mmm  STUOIES 

The  test  rig  used  in  the  X-ray  system  is  shown  in  Fig.  2.  The  heart  of  the  test  rig  is  the 
composite  tube  which  is  made  from  either  fiberglass  or  carbon-fiber.  These  tubes  are  not  only  capable 
of  transmitting  X-rays  effectively,  but  can  withstand  pressures  up  to  172  MPa  (25,000  psi).  The 
pressure  seals  are  located  on  the  inside  of  the  tube;  for  this  reason,  the  inner  diameter  of  the  tube 
has  a  fixed  value  of  28.6  mm  (1.125  in).  However,  the  length  and  thickness  of  the  composite  tube  are 
not  restricted  to  one  value.  For  instance,  by  varying  the  length  from  22,9  to  11.4  cm  (9"  to  4.5’*),  the 
free  volume  ranges  from  95  to  20  cc  (5.8  in^  to  1.2  in^).  In  addition,  a  solid  plug  was  used  to  block 

the  exhaust  port,  facilitating  a  constant-volume  test  with  50  cc  free  volume.  An  electric  match  and  l.O 

gm  of  Bullseye  powder  were  used  to  prepressurize  the  chamber  to  20  MPa  (3000  psi)  and  ignite  the 
propellant  grain  from  its  exposed  end., 

For  the  interrupted  burning  tests,  the  composite  tube  was  replaced  by  a  stainless  steel  tube  [11.43 
cm  (4,5  in)  long,  with  1.74  cm  (0.687  in)  thickness].  The  free  volume  for  these  tests  was  23  cc  (1,4 
1n3).  To  recover  samples  at  three  different  pressures,  the  exhaust  port  [1,27  cm  (0.50  in)  diameter] 
was  blocked  by  an  aluminum  bursting  diaphragm  with  three  different  thicknesses.  These  burning 
diaphragms  allowed  the  chamber  to  depressurize  at  nominal  pressures  of  13.8,  27.6,  and  37.9  MPa  (2000, 
4000,  and  5500  psi).  An  electric  match  and  black  powder  (0.3  to  1.0  gm)  were  employed  to  prepressurize 
the  chamber  and  to  ignite  the  propellant  grain, 

PROPELLANT  GRAIN  PREPARATION  ■  . 

For  the  strand  burner  tests,  the  propellant  samples  were  cut  from  a  400  gm  block  of  propellant. 

The  nominal  length  and  diameter  of  the  samples  were  5  cm  (2  in)  and  0.6  cm  (1/4  in),  respectively,  A 
nichrome  wire  was  inserted  through  the  diameter  of  the  sample  approximately  2  mm  (0.08  in)  from  the  top. 

For  the  X-ray  tests,  a  cylindrical  propellant  sample  with  a'nominal  diameter  of  1.2  cm  (0.5  in)  and 
length  of  2,54  cm  (1.0  in)  was  coated  with  cellulose  acetate  on  the  circumferential  area  and  base  of  the 
grain.  After  drying,  this  inhibited  grain  was  then  glued  into  a. plexiglass  holder  with  epoxy.  The  only 
exposed  propellant  surface  was  the  end  surface.  To  minimize  X-ray  attentuation,  the  plexiglass 
surrounding  the  sample  was  only  2.5  mm  (0.1  in)  thick.  It  is  useful  to  note  that  the  VIIBR  samples  used 
in  this  series  of  X-ray  tests  are  different  from  those  reported  in  Ref.  1.  This  set  of  of  propellants 
was  obtained  from  Veritay  Technology? Incorporated,  and  they  are  designated  as  TC-47A,  TC-49A  and  TC-51. 
The  formulations  are  given  by  Barnes  et  al.^  The  TC-47A  propellant  has  no  boron  hydride  and  can  be 
regarded  the  baseline  propellant.  The  TC-49A  propellant  has  a  6%  boron  hydride  replacement  of  RDX,  The 
TC-51  propellant  has  a  3X  boron  hydride  replacement  of  binder  in  the  baseline  propellant. 

For  the  interrupted  burning  tests,  the  sample  was  coated  with  cellulose  acetate  and  glued  into  a 
plexiglass  holder  in  the  same  manner  as  those  for  X-ray  tests.  However,  the  samples  had  a  different 
size  with  a  diameter  of  1.35  cm  (0.53  in)  and  a  length  of  1,12  cm  (0,44  in).  The  diameter  was  chosen  to 
allow  the  same  pressurization  rate  as- the  previous  transient  tests^  using  the  X-ray  system.  This 
ensured  that  the  burning  surface  conditions  were  similar  for  both  the  previous  X-ray  tests  and  the 
extinguishment  tests.  The  propellant  samples  used  for  the  interrupted  burning  tests  were  also  the  same 
as  the  zero  percent  boron  hydride  propellant  (730)  tested  in  Ref,  1, 


RESULTS  AMO  OISCUSSION 


ST RANG  BURNER  RESULTS 


Strand  burning  rate  data  for  the  OX  formulation  (Aerojet  730)  are  plotted  as  a  function  of  pressure 
In  Fig.  3  along  with  the  observed  burning  rate  data  deduced  from  transient  tests  utilizing  the  real-time 
X-ray  radiography  system.  Each  point  on  the  strand  burning  rate  plot  is  an  average  of  several  burning 
rates  at  a  given  pressure,  while  the  X-ray  points  are  individual  burning  rates.  It  was  found  that  both 
sets  of  data  follow  the  exponential  burning  rate  law,  r^  -  ap^.  Burning  rates  obtained  from  the  strand 
burner  are  consistently  higher  than  those  from  the  X-ray  radiography,  and  while  there  are  several 
differences  between  the  two  testing  techniques  which  may  contribute  to  this  change  in  burning  behavior, 
it  is  believed  that  the  predominant  difference  is  the  rate  of  pressurization  of  the  combustion  chamber. 
The  pressurization  rate  for  transient  burning  in  X-ray  tests  ranges  from  100  to  1,100  MPa/s 
corresponding  to  chamber  pressures' of  14  and  56  HPa,  respectively,  as  opposed  to  a  low  rate  of  2  MPa/s 
for  strand  burner  operating  conditions.  Slope  breaks  in  the  burning  rate  data  are  noticed  for  both 
testing  techniques,  and  the  burning  rate  exponents  are  quite  similar  in  magnitude.  An  interesting 
observation  is  the  fact  that  the  slope  breaks  occur  at  the  same  burning  rate,  3.2  cm/sec,  while  the 
corresponding  pressures  differ  by  a  factor  of  1.5. 

Under  certain  pressure  ranges,  the, strand  burning  rates  of  nitramine  propellants  could  be  higher 
than  the  dynamic  burning  rates  of  the  same  propellant  as  reported  by  Cohen  and  Strand.^  The  burning 
surface  structure  of  the  propellant  could  also  play  an  important  role  in  the  burning  rate.  Considering 
the  evidence  of  the  cratering  structure  of  the  propellant  burning  surface  zone,  to  be  discussed  later, 
the  surface  zone  corresponding  to  .a  given  pressure  has  a  specific  thickness,  surface  area,  and  void 
fraction.  For  a  highly  transient  pressurization,  it  takes  time  for  the  burning  surface  zone  to  adjust 
itself  to  a  new  structure.  The  cratering  behavior  is  more  pronounced  at  higher  pressures  for  the  VHBR 
propellants  tested.  Therefore,  the  burning  surface  zone  structure  variation  could  lag  significantly 
behind  the  pressure  changes,  resulting  in  lower  transient  burning  rates  than  steady-state  condition. 

The  theory  of  convective  burning  of  a  VHBR  propellant  deserves  further  study,  since  the  cratering 
behavior  Is  strongly  coupled  to  the  gas  penetration  and  pyrolysis.’ phenomena  in  the  porous  structure 
zone.  This  porous  structure  could  also  have  a  significant  difference  in  surface  temperature  over  the 
exposed  surfaces. 

Figure  4  contains  three  pictures  of  the  0%  boron  hydride  formulation  as  it  is  burned  at  3.4,  10.2, 
and  20.4  HPa  with  the  length  scale  (in  centimeters)  shown  in  Fig.  4c,  applicable  to  all  three  pictures. 
In  all  tests  conducted,  the  luminous  flame  zone  originated  very  close  to  the  burning  surface  as  the 
pictures  indicate,  but  the  height  of  the  flame  changes  with  pressure.  At  low  pressure  (3.4  MPa)  the 
flame  is  long  and  faint,  and  as  the  pressure  is  increased  the  flame  becomes  shorter  and  more  intense. 
Figure  4c  is  somewhat  misleading  because  the  actual  video  image  indicates  that  there  is  not  much  of  an 
extended  luminous  zone  (less  than  1  mm);  most  of  the  luminosity  originates  very  near  the  burning  surface 
which  is  slanted  toward  the  camera.  As  the  pressure  Is  increased, beyond  the  slope  break  point  at  p  - 
20.4  MPa,  the  luminous  flame  zone  .becomes  taller  and  more  intense  which  infers  a  change  in  the  burning 
mechanism  at  the  break  point. 

Some  burning  rate  data  have  been  obtained  for  the  4X  boron  hydride  formulation  (Aerojet  734),  but 

most  strands  made  from  this  propellant  did  not  burn  in  a  cigarette  fashion;  instead  they  burned  very 

erratically  with  no  particular  burning  surface  geometry.  Average  burning  rates  were  deduced  and  are  in 
the  order  of  10  cm/sec  at  10  HPa  and  30  cm/sec  at  40  HPa.  In  contrast,  the  burning  rates  for  OX  boron 
hydride  formulation  at  the  same  pressures  are  1.5  and  10  cm/sec,  .respectively.  This  comparison  shows 
the  strong  effect  of  the  small  percentage  of  boron  hydride  on  the  burning  rate.  It  is  interesting  to 

note  that  at  the  end  of  all  the  tests  with  the  4X  catalyst  formulation,  some  highly  porous  residue  was 

recovered,  but  no  such  residue  was‘ recovered  for  the  OX  formulation.  The  chemical  composition  of  this 
residue  is  under  investigation.  j. 

INTERRUPTEO  BURNING  TESTS  •  .  f 

- -  v;  ^  ■> 

The  purpose  of  these  tests  was  to  interrupt  the  combustion  process  at  specified  pressures  so  that 
the  propellant  sample  can  be  recovered  to  observe  the  quenched  burning  surface  zone.  The  burning  rate 
data  obtained  from  this  study  indicated; that  a  slope  break  occurred  in  the  exponential  burning  rate  law 
(see  Fig.  3,  X-ray  radiography  data).  Also,  the  strand  burning  rate  data  produced  a  slope  break  at  the 
same  burning  rate.  Since  the  strand  burner  pictures  showed  a  change  in  flame  characteristics  at  this 
burning-rate  slope  break  point,  one  may  suspect  that  the  structure  of  burning  surface  zone  may  also 

change.  The  slope  break  in  the  tr.ansient  tests  occurred  at  31.6  MPa  (4580  psi)  for  Aerojet  730 

formulation.  For  this  reason,  samples  were  extinguished  at  pressures  above  and  below  this  break  point. 

Five  samples  of  Aerojet  730  propellant  were  extinguished  after  rapid  depressurization  of  the 
combustion  chamber.  One  grain  was  recovered  at  13.8  MPa  (2000  psi),  one  at  27.6  HPa  (4000  psi),  two  at 

37.9  HPa  (5500  psi),  and  one  at  124  MPa- (10,000  psi).  A  series  of  photographs  were  taken  of  the 

recovered  samples  with  a  telephoto  lens  and  also  with  a  microscope.  Figures  5a,  5b,  and  5c  show 
respectively  the  samples  recovered  at  13.8  MPa  (2000  psi),  37.9  HPa  (5500  psi),  and  124  HPa  (18,000  psi). 


The  sample  shown  in  Fig.  5c  has  a  larger  diameter  than  the  rest;  It  has  a  diameter  of  2.69  cm  (1.06  in) 
and  a  length  of  2.54  cm  (1.00  in).  It  was  burned  in  a  90  cc  constant-volume  chamber.  The  other 
recovered  samples  have  a  diameter  of  1.35  cm  (0.53  in)  and  a  length  of  1.12  cm  (0.44  in);  they  were 
burned  in  a  23  cc  constant-volume  chamber.  Figure  5c  prominently 'shows  a  dimpled  burning  surface. 
Although  Figs.  5a  and  5b  do  not  appear  to  have  this  type  of  dimpled  surface,  in  reality  they  do,  but 
the  dimples  are  not  as  pronounced.  Figure  5c  also  shows  a  very  large  and  deep  crater  with  a  depth  of 
1.26  cm.  An  X-ray  image  was  recorded  for  this  test  firing,  and  it  revealed  that  this  crater  was  formed 
1  ms  before  the  chamber  depressurized.  Figures  5a  and  5b  also  show  the  existence  of  certain  craters, 
but  the  craters  are  not  as- large.  i;- 

The  four  smaller  samples  were  cut  through  the  diameter  to  reveal  any  subsurface  burning  phenomena. 
Figures  6a  and  6b  show  the  trirrmed  cross-sectional  views  of  the  recovered  samples  at  27.6  HPa  (4000  psi) 
and  37.9  HPa  (5500  psi),  respectively.  As  indicated  on  these  photographs,  small  craters  were  formed  on 
the  burning  surface.  These  figures  also  reveal  that  the  combustion  seems  to  be  progressing  without  much 
subsurface  reaction.  One  could  argue  that  the  grain  continued  toburn  slightly  after  depressurization; 
however,  when  this  Aerojet  730  formulation  burns  at  ambient  pressure,  a  carbonaceous  material  is 
generated.  These  photographs  show  no  evidence  of  such  material* 

X-RAY  RADIOGRAPHY  TESTS 

: ' 

As  previously  mentioned,  Veritay  Technology,  Inc.,  supplied  three  formulations  of  Hycar-based  VHDR 
propellants  for  the  real-time  X-ray  tests.  These  three  formulations  are  identified  as  TC-47A,  TC-49A, 
and  TC-51.  The  objective  of  this  experiment  was  to  observe  the  burning  surface  contour  of  the 
propellant  grain  as  it  burns  in  a  50  cc  constant-volume  test  rig.’  The  loading  density  for  each  test  was 
approximately  0.1  gm/cc.  Four  X-ray  tests  were  performed  with  the  Veritay  propellants.  A  summary  of 
the  p-t  traces  is  shown  in  Fig.  7.  Comparison  of  the  p-t  traces  of  Test  1  and  Test  2  reveals  that 
TC-49A  burns  considerably  faster  than  TC-47A.  A  comparison  of  the  p-t  traces  from  Test  4  and  Test  1 
shows  that  the  pressurization  rate  in  Test  4  is  significantly  higher  than  that  in  Test  1.  As  a  matter 
of  fact,  at  70  MPa  (10,150  psi),  the  pressurization  rate  in  Test  4  is  10  times  higher  than  that  in 
Test  1.  This  high  pressurization  rate  is  caused  partially  by  the  breakup  of  the  propellant  gain  during 
Test  4.  In  this  test,  the  real-time  X-ray  images  of  the  TC-M  propellant  sample  showed  that  at  48  MPa 
(7,000  psi),  the  propellant  grain  began  to  break  up  into  3  large  pieces.  Two  of  these  pieces  moved 
downstream  and  burned  very  quickly.  Neither  the  video  image  of  Test  1  (with  TC-47A)  nor  Test  2  (with 
TC-49A)  indicated  any  evidence  of  grain  breakup.  > 

t’ 

For  Test  3  (with  TC-51),  the  chamber  was  pressurized  to  20.7  HPa  (3,000  psi)  and  the  propellant 
ignited;  however,  the  chamber  was  unintentionally  depressurized.  'Even  though  this  depressurization  was 
not  rapid,  the  propellant  extinguished.  This  recovered  sample  has  an  interesting  burning  surface 
structure.  Figure  8  is  a  photograph  of  the  recovered  propellant  sample  in  its  plexiglass  holder.  The 
black  spots  are  carbonaceous  material  protruding  0.5  to  2  mm  (0.02  to  0.08  in)  above  the  surface. 

Figures  9,  10,  and  11  are  magnified  images  of  these  protrusions*  ^ Figure  11  shows  how  the  color  changes 
from  white  at  the  base  to  black  at  the  top.  Many  carbonaceous  residues  are  in  a  mushroom  form.  The 
tall  ones  are  black  at  the  top  and  the  short  ones  are  brown  at  the  top.  The  reason  for  darker  colored 
tops  is  due  to  protrusion  of  the  residue  into  the  flame  zone.  Figure  12  reveals  a  pore  at  the  center  of 
the  propellant  burning  surface.  This  particular  pore  has  an  approximate  diameter  of  0.12  mm  and  a  depth 
of  0.20  mm.  Many  such  pores  exist  on  the  surface,  and  they  could  be  generated  by;  1)  initial  porosity 
of  the  propellant;  2)  self-generating  porosity,  due  to  convective  burning;  or  3)  the  ejection  of  RDX 
particles  (0.15  m\  diameter)  from  the  surface  of  the  propellant.  \The  precise  reason  for  porosity 
generation  should  be  studied  further. Figure  13  shows  a  cross-sectional  view  of  the  trimned  sample. 

The  surface  appears  to  be  rough,  even  very  near  the  unburned  propellant.  From  all  photographs  discussed 
above,  one  can  conclude  that  the  burning  surface  zone  of  a  VHBR  propellant  is  non-planar  and  highly 
complex,  with  pores  into  the  sample  and/or  residues  protruding  above  the  surface. 

'0  CONCLUSIONS 

ii 

-  V. 

1.  The  strand  burning  rates  of  Aerojet  VHBR  propellants  were  consistently  higher  than  the  burning 
rates  deduced  from  the  X-ray  radiography  system  for  the  OX  boron  hydride  formulation.  However,  a 
slope  break  in  burning  rate  occurs  at  a  burning  rate  of  3.2  tm/s  (1.3  in/s)  for  both  techniques  of 
measurement.  The  burning  rate  exponents  above  and  below  the: break  point  are  quite  similar  for 
these  two  techniques.  It  is  believed  that  the  difference  in* pressurization  rate  and  finite 
relaxation  time  of  the  burning  surface  reaction  zone  are  the  primary  causes  of  this  discrepancy. 

2.  The  luminous  flame  of  the  Aerojet  OX  boron  hydride  formulation  revealed  a  change  in  structure  at 

the  slope  break  point*  As  the  chamber  pressure  is  increased  :up  to  the  slope-break  pressure,  the 
flame  become  shorter,  and  at  the  slope-break,  very  little  luminous  flame  is  noticeable;  most  of  the 
luminosity  originates  from  very  near  the  surface.  At  pressures  above  the  slope-break  point,  the 
flame  becomes  taller  and  more  intense.  0" 


3.  Obtaining  strand  burning  rate  data  for  the  Aerojet  4%  boron  hydride  formulation  was  very  difficult 
for  three  reasons:  1)  the  samples  did  not  burn  in  a  cigarette  fashion;  2)  a  common  video  camera 
(30  fps)  is  too  slow  to  observe  the  propellant  burning  at  30- cm/s;  and  3)  the  flame  Is  very  bright, 
and  the  burning  surface  could  not  be  seen  easily* 

4.  Interrupted  burning  tests  of  the  Aerojet  OX  boron  hydride  formulation  revealed  that  even  though 

dimples  were  generated  in  the  burning  surface,  very  insignificant  amounts  of  subsurface  reaction 
occurred.  This  can  be  verified  by  the  fact  that  the  color  of  the  subsurface  zone  is  the  same  as 
the  virgin  material,  '  ' 

5,  Formulation  TC-51  of  the  Veritay  propellant  broke  into  three  major  pieces  at  approximately  48  MPa 
(7,000  psi).  This  resulted  in  a  rapid  pressurization  of  the’chamber ,  Veritay’s  closed-bomb  p-t 
data  indicated  a  similar  pressurization  rate.  Formulations  TC-47A  and  TC-49A  showed  no  signs  of 
grain  breakup. 

6,  One  sample  of  the  TC-51  formulation  was  recovered  at  a  pressure  less  than  6.9  HPa  (1,000  psi).  The 
burning  surface  had  many  mushroom-shaped  carbonaceous  protrusions  above  the  surface.  The  burning 
surface  in  general  was  very  rough.  For  samples  having  a  complex  burning  surface  zone  with  a 
significant  amount  of  porosity,  the  convective  burning  mechanism  must  be  studied  to  understand 
their  combustion  behavior. 
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Fig.  2  Test  Rig  for  X-Ray  and  Interrupted  Burning  Studies 
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Comparison  of  Burning  Rate  Oata  for  the  Strand  Burner  and  X-Ray 
Test.  Aerojet  Formulation  730,  0%  Boron  Hydride. 
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Flame  Structure  for  Strands  of  OX  Boron  Hydride  Propellant  at  Three 
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Fig.  5  Recovered  Samples  of  OX  Boron  Hydride  Propellant.  Aerojet 
Formulation.  . 
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Fig.  6  Cross-Sectional  Cut  of  OX  Boron  Hydride  Recovered  Propellant 
Showing  Craters  Formed  on  the  Burning  Surface,  Aerojet 
Formulation. 
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Fig.  8  Veritay  TC-51  Recovered  Sample  in 
Plexiglass  Holder. 


Fig.  9  Microscope  Pictures  of  Carbonaceous 
Protrusions  for  Veritay  TC-51 
Recovered  Sample. 


Fig.  10  Microscope  Pictures  of  Carbonaceous  Fig.  11  Microscope  Pictures  of  Carbonaceous 

Protrusions  for  Veritay  TC-51  Protrusions  for  Veritay  TC-51 

Recovered  Sample.  Recovered  Sample. 


Fig,  13  Microscope  Picture  of  Cross- 
Sectional  Cut  of  Veritay  TC-51 
Recovered  Sample. 
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ABSTRACT 


The  combuatfion  behaviors  of  three  f ormuletions  of  very  high  burning  rate  <VH8R)  prepeUants  are 
being  atudied.  These  forinuLat lens  contHln  0,  2,  and  iX  boron  hydride,  the  burning  rate 
eetaiyst^  luo  diagnostic  tools  uere  used  In  this  studyt  d  real-tine  K-ray  radiography  CRTR> 
system  l^lth  a  high-pressure  double-ulndowed  IHPOU)  test  rig  and  o  pressure  and  temperature 
controlled  Optical  strand  burner  The  RTR  syatan  Is  used  to  obtain  instantaneous  X-ray 
images  of  the  solid  propellant  grain  as  it  burns  during  a  transient  test  at  pressure  up  to  3^0 
MPa  (SOpQOO  psi)*  The  Optical  Strand  burner  siaintoina  a  steady  pressure  up  to  41.4  MPa  (6,000 
ps1>  and  aUous  the  initial  tempereture  of  the  strand  to  be  set  from  *40  C  to  +70  C  (-40  F  to 
+15S  F). 

For  a  typical  RTR  test  using  the  HPOW  test  rig,  the  Instantaneous,  internal  burning  surface  of  a 
center-perforated  grain  was  observed.  The  results  show  that  the  grain  remained  as  a  consolidated 
piece  even  at  a  high  regression  rate  of  200  cm/s.  From  these  images,  instantaneous  burning  rates 
were  deduced  for  all  three  formulations.  These  burning  rates  were  compared  with  earlier  results 
obtained  by  the  authors  from  end-burning  grains  under  simllor  transient  conditions.  These  two 
sets  of  burning  rates  are  in  reasonable  agreement. 

The  OSB  was  used  to  study  the  temperature  sensitivity  (C^)  of  VKBR  propellants.  Determining 
propellants'  temperature  sensitivities  as  functions  of  pressure  and  temperature  Is  Important  in 
the  study  of  transient  burning  phenomena.  It  was  found  that  (ri  increases,  as  Initial  temperature 
(Tp  decreases.  As  a  result  of  a  slope  break  In  the  burning  rate,  exhibits  discontinuities  as 
functions  of  pressure  and  T^.  ^ 

From  a  recovered  sample  which  waa  extinguished  at  331  MPa  <46,000  psi),  the  burning  surface  was 
found  to  be  non-smooth  and  covered  with  a  melt  layer  containing  many  small  Indentations. 


INTRODUCTION 

The  combustion  behavior  of  three  formulations  of  very  high  burning  rate  (VHBR)  propellants  was 
investigated.  These  formulations  contain  0,  2,  and  4%  boron  hydride,  the  burning  rate 
catalyst.  This  paper  focuses  on  two  primary  objectives. 

The  first  objective  was  to  measure  the  burning  ratea  of  all  three  formulations  using  a  real-time 
X-ray  radiography  (RTR)  system.  In  these  tests,  a  center-perforated  grain  of  propellant  was 
burned  In  a  transient  test  with  pressure  levels  reaching  330  HPa  (48,000  psi).  From  the  X-ray 
Images  obtained  from  these  tests  the  Inner  radius  of  the  grain  was  measured,  and  the  burning  rate 
was  deduced.  Burning  rates  for  these  propellants  were  reported  previously*'^,  however,  the 
maximum  pressure  was  only  170  HPa  (25,000  psi),  and  the  grain  was  burning  from  the'end  instead  of 
a  center  perforation.  A  comparison  of  these  burning  rates  la.  given  in  the  Results  section. 

The  second  objective  was  to  determine  the  temperature  sensitivity  of  the  VHDR  propellant.  This 
was  accomplished  by  using  a  temperature  and  pressure  controlled  optical  strand  burner  (OSB). 
The  temperature  of  the  strand  burner  can  be  set  from  -40  C  to  +70  C  (-40  F  to  +158  F),  and  the 
pressure  can  be  maintained  at  levels  up  to  41  HPa  (6000  psi).  The  OX  boron  hydride  formulation 
was  tested  at  -10,  20,  and  70  C  and  to  the  maximum  pressure. 
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To  familiarize  the  reader  with  some  of  the  major  findings  of  the  previous  work,  some  key  results 

from  Refs.  1,  2,  and  3  are  summarized  below. 

1.  An  increase  of  boron  hydride  concentration  from  0  to  2%  has  a  significant  effect  on  the 
burning  rate.  However,  a  further  increase  in  boron  hydrida  from  2  to  4X  does  not  change  the 
magnitude  by  any  significant  amount.  Slope  breaks  in  log- log  plots  of  burning  rate  versus 
pressure  were  noted  for  these  VHBR  propellants* 

2.  From  the  X-ray  images,  grain  deconsolidation  was  not  observed  under  transient  test  conditions 
up  to  172  HPa  (25,000  psi). 

3.  The  measured  pressure- t ime  traces  and  recorded  X-ray  images  for  identical  test  conditions  show 
a  high  degree  of  reproducibility.  This  implies  a  high  potential  of  utilizing  this  family  of 
VHBR  propellants  for  gun  interior  ballistic  purposes. 

4.  The  strand  burning  rates  of  the  OX  boron  hydride  formulation  were  consistently  higher  that  the 
burning  rates  obtained  from  the  RTR  system. 

5.  Interrupted  burning  tests  of  the  OX  formulation  revealed  that  dimples  were  generated  in  the 
burning  surface;  however,  microacope  images  of  the  recovered  samples  indicated  that  very 
insignificant  amounts  of  subsurface  reaction  occurred.  This  can  be  verified  by  the  fact  that 
the  color  of  the  subsurface  zone  in  the  same  as  the  virgin  material. 


HETKOO  OF  APPROACH 

Real-Time  X-Ray  Radiography  Study  Using  a 
High-Pressure  Double-Windowed  Test  Rig 

The  purpose  of  the  real-time  X-ray  radiography  system  is  to  generate  many  instantaneous  images'  of 
the  propellant  grain  as  it  burns  in  a  high-pressure  chamber.  A  schematic  diagram  of  the  X-ray 
system  is  shown  in  Fig.  1.  The  X-rays  are  produced  in  the  X-ray  head,  pass  through  the  test  rig 
and  are  intercepted  by  the  image  intensifier.  The  image  intensifier  then  transforms  the  X-ray 
image  into  a  visible- I ight  image  with  a  time  constant  of  less  than  1  microsecond.  This  visible- 
light  image  is  then  recorded  with  a  high-speed  video  camera  and  later  analyzed  with  the  image 
processing  system.  A  detailed  description  of  the  X-ray  system  is  given  in  Ref.  4. 

Figure  2  shows  a  diagram  of  the  high-pressure  double-windowed  (HPDW)  test  rig  used  in  conjunction 
with  the  X-ray  system.  This  chamber  was  designed  for  a  maximum  pressure  of  414  HPa  (60,000 
psi).  The  free  volume  of  the  chamber  is  320  cc.  Five  major  components  comprise  this  design:  1) 
the  0-shaped  frame,  2)  two  end  closures,  3)  a  fiberglasa  tube,  4)  a  Vascomax  steel  casing  which 
surrounds  the  fiberglass  tube,  and  5)  a  steel  sample  holder  ring  which  is  attached  to  the  left- 
hand-side  end  closure.  The  rupture  diaphragm  ia  often  replaced  with  a  venting  nozzle  (not  shown 
in  Fig.  2);  the  venting  nozzle  helps  to  prolong  the  test  event  so  that  a  large  portion  of  the 
grain  burns  before  the  end  of  the  test.  The  tast  always  ends  with  the  rupture  of  the  fiberglass 
tube  which  causes  a  rapid  depressurization  of  the  chamber. 

The  heart  of  the  chamber  is  the  fi lament -wound  fiberglass  tube.  Because  of  its  relatively  low  X- 
ray  attenuation  and  high  strength,  fiberglass  is  well  suited  for  this  particular  application.  The 
tube  has  an  inner  diameter  of  6.99  cm  (2.75  in.)  and  on  outer  diameter  of  12.06  cm  (4.75  in.).  It 
can  accommodate  a  cylindrical  grain  which  has  a  diameter  of  5.08  cm  (2.0  in.)  and  a  length  of 
5.08  cm  (2.0  in.) . 


Fig.  1  Layout  of  the  Real-time  X-Ray 
Radiography  System 


Fig.  2  High-Pressure  Oouble-Widowed 
Test  Rig 


The  grefn  fs  housed  in  a  stafnlesa  steel  sample  holder  which  holds  the  axis  of  the  grain  parallel 
to  the  X-raya.  The  sample  holder  covers  the  entire  circumference  of  the  grain  and  leaves  the 
ends  completely  open.  A  center-perforated  grain  is  prepared  by  coating  the  outer 
circumferential  and  end  surfaces  with  a  coating  of  1.1  mm  (0.045  in.)  thick  flame  inhibitor 
(cellulose  acetate)  and  then  gluing  the  grain  into  the  holder  with  apoxy.  In  a  typical  test,  the 
grain  has  a  length  of  3.38  cm  (1.33  in.)  and  a  perforation  diameter  of  0.63  cm  (0.25  in.).  It 
has  a  mass  of  110  gm  which  creates  a  loading  density  of  0.34  gm/cc. 

The  chamber  pressure  is  measured  with  two  Xistler  pressure  transducers  which  are  located  in  each 
end  closure.  The  video  images  and  the  pressure-t ime  traces  are  correlated  by  using  a 
synchronization  signal;  when  the  ignition  switch  is  activated,  the  Nicolet  digital  oscilloscope 
is  triggered  and  a  strobe  light  fires  a  single  pulse  In  front  of  the  video  camera. 

Pressure  and  Temperature  Controlled 
Optical  Strand  Burner 

The  design  conditions  of  the  strand  burner  are  as  follows:  the  temperature  range  ia  -40  C  to  +70 
C  (-40  F  to  158  F),  and  the  pressure  level  range  is  vacuum  to  41.4  HPa  (6000  psi).  A  schematic 
diagram  of  the  strand  burner  layout  is  shown  in  Fig.  3.  In  this  design,  both  the  strand  burner 
chamber  and  the  purge  gas  are  maintained  at  the  desired  temperature.  The  temperature  of  the 
chamber  is  controlled  by  a  recirculating  constant- temperature  bath  of  silicon  fluid  (Dow  Corning 
200,  1  or  5  centiatoke).  The  time  required  for  the  strand  burner  to  heat  up  from  20  to  70  C  ia 
3  hours. 

The  temperature  of  the  purge  gas  is  regulated  by  a  PIO  (proportional,  integral,  derivative) 
controller  which  can  hold  the  temperature  to  within  0.3  C  (0.5  F)  of  the  set  point.  The  PIO 
controller  senses  the  temperature  of  the  gas  leaving  the  heater  and  senda  a  control  signal  to  tha 
heater's  power  supply.  The  SCR  (silicon  control  rectifier)  power  supply  restricts  the  power  to 
the  heater  by  removing  a  percentage  of  the  60  Hz  cycles  in  the  110  V  line  voltage.  The 
resistance  heater  has  a  power  output  of  2000  W.  Ideally,  one  could  use  this  control  loop  as  a 
flow  meter:  given  the  inlet  and  outlet  temperature  of  the  gas  and  the  power  to  the  heater,  the 
mass  flow  rate  could  be  deduced.  Unfortunately,  for  a  short  duration  tests,  the  thermal  inertia 
of  the  system  does  not  allow  for  an  accurate  determination  of  the  mass  flow  rate. 

For  test  temperatures  below  ambient  a  heat  exchanger  was  required  to  cool  the  purge  gas.  After 
careful  consideration  of  the  design  requirements,  it  was  determined  that  a  cryogenic  heat 
exchanger  was  the  best  solution  to  the  problem.  It  offers  the  following  benefits:  1)  boiling 
liquid  nitrogen  has  a  tremendous  heat  transfer  coefficient,  2)  high  pressure  tubing  could  be  used 
for  its  construction,  3)  it  could  be  made  to  be  relatively  compact  so  that  it  could  sit  close  to 
the  strand  burner,  and  4)  there  are  no  moving  parts  to  break  down.  Two  hand  valves  were  used  to 
control  the  temperature  of  the  gaa  entering  the  resistance  heater.  Typically  the  inlet  to. the 
heater  is  15  C  less  than  the  sat  point.  The  heater  ia  then  uaed  to  accurately  control  tha  purge 
gas  temperature. 


Fig.  3  Layout  of  the  Pressure  and  Temperature  Controlled  Optical  Strand  Burner 


After  the  strand  Is  installed  in  the  strand  burner,  air  Is  used  to  purge  the  chamber.  The 
purpose  of  this  air  flow  is  to  enhance  the  heet  trensfer  to  the  strand  end  to  keep  the 
temperature  of  the  inlat  Unea  at  the  proper  level.  The  air  used  in  the  preconditioning  period 
usually  contains  a  large  amount  of  water  vapor.  If  one  wiahea  to  conduct  low  temperature  tests, 
the  air  must  be  dried  before  it  enters  the  cryogenic  heat  exchanger;  for  thia  reason,  a  desiccant 
dryer,  which  contains  6.8  kg  (15  lbs)  of  desiccant,  is  installed  in  the  inlet  line.  This  dryer 
can  operate  for  approximately  30  hra  before  the  desiccant  needs  to  be  dried. 

During  the  test,  nitrogen  gas  is  used  to  pressurize  and  purge  the  chamber.  The  nitrogen  gas 
comes  from  two,  207  HPa  <30,000  psi)  reservoirs,  which  are  pressurized  by  an  ultra-high  pressure 
hydraulic  compressor.  The  nitrogen  gas  is  supplied  to  tha  inlot  of  the  compressor  by  a  17.2  MPa 
(2500  psi)  compressed  gas  cylinder.  The  watar  vapor  concentration  in  the  cylinders  is  below 
15  ppm;  therefore,  no  condensation  problem  arises  when  thia  gas  passes  through  the  cryogenic  haat 
exchanger. 

The  size  of  the  propellant  strand  was  6.3  mm  (0.25  in.)  in  diameter  by  5.08  cm  (2.0  in.)  in 
length.  For  each  test,  the  external  surface  of  the  propellant  sample  waa  coated  with  a  very 
thin  layer  of  flame  inhibitor  (cellulose  acetate);  this  provided  a  very  affective  means  for 
preventing  side  burning,  especially  at  higher  pressures.  Some  tests  were  performed  without  tha 
flame  inhibitor  at  lower  pressures  to  determine  if  it  changed  the  burning  rate.  Ho  change  in  the 
burning  rate  was  observed. 

For  temperature  sensitivity  tests,  the  propellant  strand  was  allowed  to  be  heated/cooled  in  the 
strand  burner  for  at  least  20  minutes  before  the  test  waa  conducted.  A  simple  heat  transfer 
calculation  with  a  heat- transfer  coefficient  of  20  W/mVK  indicated  that  this  would  heat/cool  tha 
grain  to  within  0.5  C  (0.9  F)  of  the  set  point. 

A  video  camera  records  the  images  at  30  fps.  To  facilitate  in  the  reduction  of  the  burning 
rates,  a  ruler  is  superimposed  on  the  propellant  image  by  placing  a  semitransparent  mirror 
between  the  strand  burner  and  the  camera. 


RESULTS 

X-Rav  Radiography  Results 

Tests  involving  all  three  formulations  of  VHBR  propellant  were  performed  in  the  high-pressure 
double- windowed  chamber  with  a  maximum  pressure  reaching  331  HPa  (48,000  psi).  Each  test  waa 
conducted  under  similar  conditiona,  i.e.  same  igniter  pressure,  sample  geometry  and  mass.  In 
these  testa,  both  a  venting  nozzle  and  a  rupture  diaphragm  were  installed  at  the  exit  of  the 
chamber.  The  rupture  diaphragm  waa  located  downstream  of  the  nozzle  and  burst  at  approximately 
28  HPa  (4000  psi);  without  the  diaphragm  the  chamber  may  hove  depressurized  before  the  ignition 
of  the  VHBR  propellant.  The  video  images  were  recorded  at  500  pps  with  the  high-speed  video 
camera  (Spin  Physics  2000). 

Figure  4  shows  some  of  the  results  of  a  test  involving  the  OX  boron  hydride  formulation.  Over 
two  hundred  video  images  were  obtained  during  this  teat  which  lasted  over  400  ma.  The  four 
images  in  Fig.  4  clearly  show  the  outward  progression  of  the  inner  radius  of  the  grain  as  the 
relatively  high  density  propellant  is  replaced  by  low  density  gases.  The  pressure-time  trace 
emphasizes  how  the  progressive  nature  of  a  center-perforated  groin  con  croate  a  tremendous 
increase  in  pressure  after  a  long  interval  of  relatively  alow  pressure  rise.  A  small  decrease  in 
pressurization  rate  is  noticed  at  335  ms;  this  is  caused  by  the  bursting  of  the  rupture  diaphragm 
at  26  HPa  (3800  psi).  In  this  test,  a  1.59  mm  (1/16  in.)  venting  nozzlo  was  installed.  Quo  to 
the  strong  nozzle  restriction  of  the  product  gases  leaving  the  HPOW  teat  chamber,  the  drop  in 
pressurization  rate  at  335  ms  is  almost  unnoticeable. 

The  results  depicted  in  Fig.  4  are  typical  of  all  the  tests  conducted  in  the  HPOW  chamber;  that 
is  they  all  hove  the  same  general  characteristics.  The  characteristics  of  the  video  images  of 
all  tests  can  be  summarized  aa  follows. 

1.  The  inner  burning  surface  regresses  outward  with  a  fairly  circular  contour.  Using  a 
digital  image  processor,  the  radius  of  the  center  cavity  can  be  measured,  and  the  burning 
rate  can  ba  deduced. 

2.  The  propellant  grain  does  not  deconsol idata  into  fragments  as  it  burns.  This  observation 
is  consistent  with  previously  reported  results  from  an  end-burning  test  configuration. 

3.  The  flame  inhibitor  on  the  outer  circumferential  and  end  surfaces  prevented  those  areas 
from  burning.  If  the  ends  were  to  burn,  the  entire  area  corresponding  to  the  grain  would 
become  lighter;  thia  was  not  observed  in  any  of  the  testa.  However,  in  one  of  the  teats, 
the  flame  inhibitor  around  the  outer  circumference  did  fail  6  ms  before  the  end  of  the 
test. 
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Results  of  a  Real-Time  X-Ray  Radiography  Test  using  the  High-Pressure 
Double-Windowed  Test  Rig.  OX  Boron  Hydride  Formulation. 


Two  p-t  tracea  for  the  2  and  4%  boron  hydride  formulations  are  presented  fn  Fig.  5.  This 
comparison  showa  that  the  4X  sample  burns  slightly  faster  than  the  2X  sampla  and  therefore 
generate  p-t  traces  with  a  shorter  time  to  reach  the  peak  pressure. 


Fig.  5  Presaure-Time  Traces  for  the  2  and  4X 
Boron  Hydride  Formulations 


For  all  three  propellant  formulations,  the  burning  rates  as  a  function  of  pressure  were  deduced. 
The  general  procedure  for  this  analysis  is  given  below. 

1.  Using  the  image  processor,  the  area  of  the  center  cavity  is  obtained  for  approximately  20  of 
the  X-ray  images  at  different  times. 

2.  From  the  area,  the  radius  was  calculated  using  the  assumption  that  the  area  is  a  perfect 

circle. 

3.  Since  the  time  was  known  for  each  radius,  the  radius  versus  time  data  was  curve  fitted  with  a 

series  of  piecewise  parabolas.  For  each  data  point,  a  parabola  was  fitted  through  five  points 
(two  above  and  two  below)  using  a  least-squares  fit.  The  burning  rate  at  this  point  was 

calculated  from  the  derivative  of  the  parabola.  From  the  parabola,  additional  burning  rate 
data  were  generated  in  the  interval  atarting  at  the  midpoint  preceding  the  point  in  question 
and  ending  at  the  midpoint  after  it.  This  procedure  continues  until  the  burning  rate  data  for 
the  entire  test  period  is  deduced. 

4.  The  pressure- time  data  was  then  used  to  generate  a  plot  of  burning  rate  versus  pressure. 

Figures  6,  7,  and  8  contain  plots  of  burning  rate  versua  pressure  for  all  three  formulations. 
The  solid  line  in  each  of  these  plots  represent  data  which  was  reported  in  Ref.  1  and  was 
obtained  using  X-ray  radiography  with  a  smaller  “0'**frame  chamber  with  an  end-burning 
configuration.  Bach  solid  line  represents  the  least  squares  fit  of  data  obtained  from  four 
tests.  However,  the  dashed  line  in  these  plots  represents  the  center-perforation  test  data 

obtained  fram  one  test.  Only  one  test  was  performed  far  each  formulation  due  to  the  very  limited 

number  of  fiberglass  tubes  available. 

The  new  burning  rate  data  for  the  OX  boron  hydride  formulation  matches  fairly  well  to  the  end- 
burning  data.  The  new  burning  rata  data  for  the  4X  formulation  appears  to  hava  the  same  slope 
os  the  end-burning  data  at  pressures  above  30  HPa,  but  a  discrepancy  occurs  at  pressures  below 
20  HPa.  This  discrepancy  will  be  studied  further  as  more  HPDW  tests  are  conducted. 

Perhaps  the  most  interesting  burning  rate  plot  is  the  plot  for  the  2%  formulation.  The  center- 
perforated  data  has  a  definite  alope  break  at  28  HPa  whila  the  end-burning  data  has  a  slope 
break  at  60  HPa.  The  remarkable  feature  is  the  fact  that  the  slopes  above  and  below  the 
respective  break  points  look  identical.  Also,  the  burning  rates  above  60  HPa  are  identical  even 
though  these  two  sets  of  tests  were  conducted  using  two  different  batches  of  propellant. 

One  possible  explanation  for  this  shifting  of  burning  rata  data  at  lower  pressures  ia  a  transient 
burning  effect.  Figures  9,  10,  and  11  are  plots  comparing  the  rate  of  pressurization  for  the 
end-burning  and  the  center-perforation  tests.  For  the  2X  formulation,  between  15  and  23  HPa 
where  the  burning  rates  show  a  noticeable  discrepancy,  the  values  of  dP/dt  are  vary  close.  The 
pressurization  rate  does  not  seem  to  bo  causing  this  shifting  of  burning  rate. 


burning  rote,  cm/sec  ^  burning  rote,  cm/sec  burning  rote,  cm/sec 


Fig,  6  Burning  Rate  versus  Pressure  from  RTR 
System,  OX  Boron  Hydride  Formulation 
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Fig,  9  Rate  of  Pressurization  of  Transient 
Burning  Tests,  OX  Boron  Hydride 


g,  7  Burning  Rate  versus  Pressure  from  RTR 
System.  2X  Boron  Hydride  Formulation 


Fig,  8  Burning  Rato  versus  Pressure  from  RTR 
System,  4X  goron  Hydride  Formulation 
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Fig.  10  Rate  of  Pressurization  of  Transient 
Burning  Tests.  2X  goron  Hydride 


Fig,  11  Rate  of  Pressurization  of  Transient 
Burning  Testa,  4X  Boron  Hydride 


A  slight  change  in  propellant  formulation  could  also  explain  the  difference  in  the  burning  rate. 
The  OX  formulation  that  was  used  for  the  end-burning  tests  waa  manufactured  3  1/2  years  ago.  The 
batch  that  was  used  for  the  most  recent  tests  was  made  this  year.  Also,  a  different  particle 

size  distribution  of  the  ingredients  in  these  two  batchea  of  propellanta  could  contribute  to  this 

burning  rate  shift  phenomenon^. 

A  recovered  grain  of  tho  OX  boron  hydride  formulation  which  extinguished  at  331  HPa  (4d|000  psi) 
shows  a  non-smooth  burning  surface.  The  entire  surface  ia  covered  with  dimples  which  are 
visible  to  the  naked  eye.  These  dimples  are  approximately  0.5  mm  <0.020  in.)  in  diameter  by 
0.5  mm  <0.020  in.)  deep.  These  large  dimples  are  created  by  the  burning  of  the  nitramine 
particles.  Optical  microscope  images  reveal  partially  burned  nitramine  particles  at  the  bottom 
of  some  of  these  dimples.  The  surface  of  these  nitramine  particles  ia  fairly  smooth  around  the 
outer  edge,  but  is  rough  towards  the  center.  Figure  12  contains  two  SEH  photographs  of  the 
recovered  sample.  This  figure  shows  several  interesting  phenomena. 

1.  The  smooth  region  in  the  center  of  12  a)  is  the  propellant^a  binder.  In  general  it  can  be 

described  as  being  smooth  with  many  small,  circular  holes  <20  microns). 

2.  The  large  object  <200  by  200  microns)  on  the  right  side  of  Fig.  12  a)  in  the  center  is  a 
partially  burned  nitramine  particle.  Only  a  portion  of  this  particie  can  be  seen,  but  its 
surface  characteristics  are  still  apparent;  the  outer  edge  ia  much  smoother  than  the  inner 
portion.  The  inner  region  has  a  somewhat  crusty  appearance. 


Temperature  Sensitivity  Measurements  of 
the  OX  Boron  Hydride  Formulation 

Strand  burning  rates  for  the  OX  boron  hydride  formulation  were  measured  at  three  temperatures: 
-10,  20,  and  70  C.  Thase  burning  ratas  are  presented  in  fig.  13,  Each  point  on  the  graph 
represents  data  obtained  from  a  single  test.  A  slope  break  is  observed  at  21  HPa.  Beiow  the 
slope  break,  the  pressure  exponents  of  the  burning  rotas  are  quite  close.  However,  above  the 
slope  break,  the  pressure  exponent  at  70  C  is  larger  than  those  at  the  other  two  temperatures. 
From  this  data,  the  temperature  sensitivity  of  the  propellant  was  determined  in  tho  following 
manner. 

1.  For  a  given  pressure,  the  burning  rates  for  all  thrae  temperatures  were  calculated  from  the 
Saint-Pobert ' 8  burning  rate  law  given  in  Table  I. 

2.  A  paraboia  was  fitted  exactly  through  these  three  data  points.  This  produced  an  equation  for 
the  burning  rate  as  e  function  of  initial  propellant  atrand  temperature. 

r»=  a  +  bTf  +  cTi’  (1 ) 

where  a,  b,  and  c  art  functiona  of  pressure. 

3.  The  temperature  aenaitivity  is  defined  aa 

or,=  (5(ln  ri)/5T,)p  <2> 

For  each  presaure  level,  both  the  derivative  and  tho  burning  rate  were  obtained  at  five  values 
of  initial  temperature,  and  the  temperature  aensitivity  was  deduced. 

The  temperature  sensitivity  for  the  OX  boron  hydride-  formulation  is  plotted  in  Fig.  14. 
Discontinuities  in  the  temperature  sensitivity  occur  at  the  burning  rate  slope-break  point  of 
21  HPa.  As  the  initial  temperature  of  the  propellant  increases,  the  sensitivity  decreases. 

Using  the  parabola  fitted  burning  rate  in  Eqn.  <1),  the  burning  rotes  at  other  initial 
temperatures  <such  as  5  and  45  C)  can  be  plotted  as  a  function  of  pressure  as  shown  in  Fig.  15. 


Comparison  of  the  Strand  Burning  Pates 
and  the  Transient  Burning  Rates  for 
the  OX  Boron  Hydride  Formulation 

Figure  16  shows  a  comparison  of  strand  burner  burning  rate  data  with  the  transient  burning  rate 
data.  It  ia  found  that  at  a  given  pressure  the  atrand  burning  rates  are  approximately  22X 
higher  than  those  of  the  transient  burning  rates.  This  disproves  the  commonly  accepted  idea  that 
transient  burning  rates  under  positive  pressure  excursion  are  higher  than  strand  burning  rates. 
The  actuai  physical  reason  for  a  higher  strand  burning  rate  is  not  fully  understood  and  should  be 
further  investigated. 


SUMMARY  AMD  COHCLUSIONS 


1.  The  burning  rates  of  VHBR  propellants  have  been  measured  in  two  different  test  rigs. 

a>  Steady  state  burning  rates  were  measured  using  an  optical  strand  burner  with  a  broad 
renga  of  pressure  and  initial  temperature. 

b)  Transient  burning  ratea  were  measured  using  a  real-time  X-ray  radiography  (RTR)  system 
with  a  high-pressure  double-windowed  <KP0W)  test  rig  for  pressures  up  to  331  HPa 
(48,000  psi ). 

2.  In  the  KPDU  tests,  the  X-ray  images  show  that  the  propellant  grains  remain  as  consolidated 
charges  without  breaking  into  small  fragmenta. 

3.  The  transient  burning  ratea  obtained  in  the  HPDU  test  rig  are  reasonably  close  to  the 
transient  burning  rates  measured  in  the  O-frama  chamber  with  an  end  burning  configuration. 

4.  A  recovered  grain  which  extinguished  at  331  HPa  (48,000  psi)  showed  a  non-smooth  burning 
surface.  The  entire  surface  is  covered  with  dimples  which  are  visible  to  the  naked  eye. 
These  dimples  are  approximately  0.5  mm  in  diameter  by  0.5  mm  deep.  From  SEH  photographs, 
smaller,  lesa  populated  dimples  are  evident;  on  the  microacopic  scale,  the  binder's  surface  is 
quite  smooth. 

5.  The  transient  burning  rates  are  approximately  22%  lower  thon  the  strand  burning  rates. 

6.  The  temperature  sensitivity  was  measured  as  a  function  of  pressure  and  initial  temperature. 
The  sensitivity  Increases  as  the  temperature  decreases. 
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Fig.  12  SEH  Photographs  of  a  Recovered  Sample  of  the  0%  Boron  Hydride  Formulation 
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Fig.  14  Temperature  Sensitivity  of  the 
OX  Boron  Hydride  Formulation 


Table  1  Burning  Rate  Law  for  0%  Boron 
Hydride  VHBR  Propellant 
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r^[cm/s]  =  a  (P[MPa]) 

below  slope  break  above  slope  break 
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T=  70  ®C 

0.240 
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0.0308 
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0.192 

0.886 

0.0434 

1.38 

T=-10  "C 
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0.0323 

1.37 

Fig.  15  Interpoloted  Burning  Rates  for 
Ts  5  and  45  C 


pressure,  MPo 

Fig.  16  Strand  Burning  Rates  versus  Transient 
Burning  Rates.  OX  Boron  Hydride 
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ABSTRACT 

Convective  ignition  tests  of  XM39  low  vulnerability  ammunition  (LOVA)  propallants 
were  carried  out  under  croasflow  test  conditions  using  a  shock  tunnal  facility.  This 
type  of  test  is  better  releted  to  practical  ignition  in  standerd  gun  systems  than  othar 
more  common  tests  such  as  laser-induced  rediative  ignition.  Ignition  delay,  defined  as 
the  time  from  initial  test  section  pressure  rise  to  the  emiaaion  of  light  from  the 
sample  with  sustained  combustion,  was  daterminad  using  high-speed  video  and 
photomultiplier  tube  detaction  ayatems.  For  tests  conducted  in  this  study,  ignition 
was  always  detected  in  the  region  of  the  separation  point  of  the  boundary  layer.  The 
flame  would  spread  from  tha  separation  point  over  the  downstream  surface  of  the 
propellant.  In  some  instances  of  higher  test  section  pressure^  the  flame  would  also 
spread  forward  on  the  surface  toward  the  stagnation  point  of  the  cylinder.  It  is 
theorized  that  the  pyrolysis  products  from  the  shoulder  regions  and  the  stagnation 
point,  where  heating  ratas  are  highest,  are  carried  by  the  flow  and  further  reacted  in 
the  recirculation  zone  formed  at  tha  separation  point.  The  subsequent  gas-phase 
ignition  than  spreads  over  the  sample  surface.  A  correlation  batween  a 
non dimens ionali zed  ignition  delay  time  and  Nusselt  number  was  obtained. 

INTRODUCTION 

Of  recent  interest  in  the  gun  community  is  the  formulation  of  so-called 
'insensitive'  munitions  which  would  be  resj^atant  to  ignition  from  all  but  tha  dasired 
stimulus.  Of  particular  interest  are  formuletions  besed  on  the  nitraminea  RDX  and  HMX. 
Thesa  matariala  not  only  display  a  high  thermal  stability  and  a  low  sensitivity  to 
ballistic  vulnerebility  but  elso  have  idaal  features  of  low  smoke  output  and  high 
specific  impulse  (rockets)  or  impetus  (guns) .  However,  these  low  vulnerability 
ammunition  (LOVA)  propallants  are  not  without  disadvantages.  The  most  apparent  problem* 
associated  with  the  prectical  usr  A  propellants  is  related  to  one  of  their 

desirable  characteristics;  by  natu..^  they  are  difficult  to  ignite.  Therefore,  the 
ignition  characteristics  of  these  propellants  must  be  well  understood  if  safe,  reliable 
igniters  are  to  be  designed  for  gun  systems  employing  thesa  LOVA  based  munitions. 

The  ignition  phenomenon  of  solid  propellants  involves  complex  physical  and  chemical 
processes.  The  event  is  initiated  by  the  application  of  some  external  stimulus  such  es 
convective  heat  transfer  from  hot  gases,  radiative  heat  flux,  impact,  friction,  etc. 
and  ends  with  the  self-susteined  burning  of  the  material .  Tha  physical  and  chemical 
interactions  which  occur^during  this  period  characterize  the  'ignition'  transient 
phenomenon  end  ere  function  of  both  the  material  and  the  typa  of  stimulus  applied. 

Part  of  the  difficulty  in  studying  Ignition  behavior  lies  in  the  interpretation  of  the 
definition.  The  beginning  of  the  ignition  event,  the  initial  application  of  some 
external  stimulus,  is  easily  detarmined,  but  the  completion  of  the  ignition  processes, 
the  onset  of  self-sustainad  combustion,  is  not  as  easily  identified.  For  example, 
'ignition'  to  tha  prectical  gun  system  designer  is  represented  by  a  successful 
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triggering  and  rasultant  firing  of  the  gun  system  (ie.  the  end  result  jusifies  the 
ignition  of  the  propellant  material  used).  However  'ignition*  in  an  experimental 
setting^  where  laboratory  constraints  night  not  permit  self -sustained  burning  of  the 
material^  may  be  represented  by  emission  of  light  from  a  sample  or  the  measurement  of 
pyrolysis  gases  generated  from  the  reacting  sample.  In  the  case  of  a  theoretical 
models  /ignition*  %#ould  probably  be  based  on  some  type  of  runaway  temperature  criteria. 

In  addition  to  the  above  interpretive  problems^  the  mechanism  of  ignition  is 
different  for  the  different  stimuli  applied  and  thus  comparison  of  data  from  various 
experiments  is  very  difficult.  It  %K>uld  be  extremely  useful  if  a  set  of  experiments 
could  be  performed  using  a  single  propallant  type  in  various  ignition  experiments  which 
employ  the  same  ignition  threshold  criteria.  This  tfould  provide  a  clearer 
understanding  of  the  subsequent  results  and«  at  the  very  leasts  useful  quantitative 
comparisons  between  different  ignition  tests  employing  different  mechanisms  could  be 
made. 

Much  information  is  already  knoim  about  the  combustion  of  nitramine  propellants. 

The  literature  survey  by  Boggs^  provides  a  very  good  overview  of  what  has  been  done 
regarding  the  thermal  decomposition  of  both  RDX  and  HMX.  Of  particular  interests  is 
the  description  of  ignition  studies  with  HMX  in  which  the  radiative  ignition  behavior 
of  the  nitramine  is  found  to  be  more  similiar  to  double-base  propellants  than  that  of 
RP  composite  propellents.  The  study^  first  presented  by  Bcggs  et.  al.^,  describes  how 
HMX  pellets  display  significant  pre-ignition  behavior  after  reaching  a  gasification 
threshold  for  a  given  laser  induced  heat  flux  input.  The  pellets^  even  after  reaching 
the  gasification  threshold^  were  not  able  to  sustain  burning  until  another  'go/nogo* 
threshold  had  been  reached.  This  is  unlike  AP**based  propellants  which  ignite  almost 
immediately  after  gasification  is  achieved.  It  was  concluded  in  this  study  that  the 
ignition  of  the  nitramine  propellant  was  occurring  in  the  gas  phase.  Another  study  by 
Kim  et  al.^^^  examined  laser  induced  pyrolysis  and  ignition  processes  of  RDX  bases 
composite  propellants  using  a  high-powared  C02  laser,  similiar  to  the  work  done  on  HMX 
by  Boggs  et.  al.  Based  on  fine  wire  thermocouple  measurements,  Kim  found  five  separate 
reaction  zones  above  the  propellant  surface  during  the  ignition  transient  <1)  a  primary 
reaction  zone,  <2)  a  first  preparation  zone,  (3)  a  secondary  reaction  zone,  (4)  a 
second  preparation  zone  and  <S)  a  final  luminous  flame  zone.  Again  the  importance  of 
gas  phase  reactions  on  the  ignition  of  che  propellants  via  radiative  heat  flux  has  been 
substantiated. 

Kubota^  examined  the  flsme  structure  of  both  RDX-  and  AP-based  composite  propellants 
and  described  his  findings.  The  RDX-based  propellant  exhibited  a  steady  state  flame 
structure  similiar  to  double-base  propellants  in  which  a  visible  standoff  distance 
between  the  luminous  flame  and  the  propellant  surface  could  be  seen.  It  has  been  shown 
that  the  RDX  composite,  although  displaying  a  physical  structure  similiar  to  the  AP- 
based  propellant,  has  a  cosibustion  wave  structure  which  is  more  similiar  to  that  of 
double-base  hoeiogenaous  propellants.  Although  this  work  involved  the  visualization  of 
steady  flame  structure,  it  further  supports  the  above  findings  of  Boggs  et.  al.  and  Kim 
et.  al.  in  which  the  gas  phase  reactions  are  important  teethe  combustion  of  nitramine 
propellants . 

A  recent  JAKNAF  workshop,  cocoordinated  by  Stiefel  and  Kuo^,  was  held  to  determine 
the  status  and  shortcomings  of  nitramine  propellant  ignition  research.  A  good  portion 
of  the  workshop  dealt  with  ignition  of  nitramine  propellants  in  gun  simulator  studies. 
For  example,  Stiefel*^  and  Messina*  discussed  the  work  done  with*25mm  gun  system 
simulators,  Rodriguez^  examined  the  relationship  between  ignition  system 
characteristics,  the  temperature  coefficient,  and  round -to- round  reproducibility  using 
a  30  mm  test  fixture,  other  tests  of  this  nature  were  described  others^.  These  tests, 
although  very  valuable  when  determining  the  ideal  charge /igniter  design  for  a 
particular  gun  system,  do  not  place  as  great  an  emphasis  on  understanding  the  basic 
fundamental  physical  and  chemical  processes  which  govern  nitramine  propellant  ignition. 
Mitb  a  better  understanding  of  these  processes,  the  above  tests  would  become  even  more 
useful  due  to  the  data  base  which  they  provide. 

Zdantified  at  the  workshop  was  a  lack  of  fundamental  convective  ignition 
information.  Since  this  ignition  mechanism  is  so  important  to  the  gun  community,  this 
wss  felt  to  be  a  major  shortcoming.  Convective  ignition  tests  have  been  carried  out 
successfully  in  the  past  by  both  Kashiwagi^^  and  Birk^^  using  a  shock  tunnel  facility. 
Kashiwagi  studied  ignition  of  solid  fuels  due  to  convactive  heating  via  hot  shock  tube 
generated  gasas.  The  geometry  of  the  sample  was  a  flat  plate.  Birk  carried  out  a 
study  of  cylindrical  nitrocellulose  propellants  which  were  ignited  via  convective 
crossflow  heating  by  hot  gases  created  by  the  same  shock  tunnel  facility  that  Kashiwagi 
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used.  Birk  was  able  to  visually  determiner  for  nitrocellulose  propellants,  that 
ignition  of  the  san^le  occurred  either  at  the  front  stagnation  point,  the  separation 
point  of  the  boundary  layer,  or  the  rear  stagnation  (downstream  wake)  region  depending 
on  the  imposed  convective  conditions,  the  percentage  of  oxidizer  in  the  test  gas,  and 
tbe  propallant  formulation  used.  In  addition,  the  ignition  dalay  (defined  as  arrival 
of  the  pressure  wave  to  the  tima  of  first  light  emission)  could  be  measured  and  the 
effects  of  pressure  variation,  temperature,  flow  velocity  and  free  stream  oxidizer 
content  on  the  this  dalay  time  could  be  examined.  The  test  method  used  by  Birk  was 
very  affective  and  provided  useful  information  regarding  the  ignition  and  flame 
spreading  phenomenon  for  the  nitrocellulose  propellants  studied. 

This  paper  describes  the  convectiva  ignition  portion  of  an  ongoing  study  of  RDX- 
based  XM-39  LOVA  propellant  carriad  out  using  the  same  shock  tunnel  facility  as  Birk 
end  Kashiwagi  with  modifications  to  the  test  section  only.  The  overall  goal  of  the 
continuing  study  is  to  achieve  a  better  understanding  of  convective  ignition  processes 
and  examine  possible  relationships  between  tbe  convective  and  more  commonly  examined 
radiative  ignition  behavior  of  this  propellant.  Although  the  CO2  laser  radiative  test, 
as  mentioned  earlier  when  discussing  the  work  of  Kim  et.  al.,  provides  greater  control 
over  heat  flux  input  and  is  more  commonly  used  due  to  its  relative  simplicity,  the 
convective  ignition  test  is  more  closely  related  to  the  actual  ignition  process  used  in 
practical  gun  systems  where  propellant  ignition  is  obtained  via  hot  gases  from  the 
igniter.  The  <^jectives  of  this  project  are  to  (1)  visually  examine  the  convective 
ignition  phenomenon  and  subsequant  flame  spreading  of  RDX-based  XM-39  propellant  using 
high  speed  photography,  (2)  measure  ignition  delay  (based  on  light  emission  from  the 
sanq^le)  and  examine  possible  correlations  to  convective  flow  parameters  (Reynolds 
Humber,  Prandtl  Number,  Nusselt  Number  and  Macb  Number) . 

KETHOD  OF  APPROACH 


5SHQgK  TUWWEL  FACILITy 

The  convective  ignition  experiments  are  carried  out  using  a  modified  version  of  tbe 
shock  tunnel  used  in  previous  studies  by  Kashiwagi  and  Birk  as  discussed  above.  The 
shock  tunnel  facility,  shown  schematically  in  Fig.  1,  is  a  total  of  24.1  m  (79  ft) 
long.  The  driver  section  length  is  9.7  m  (31.6  ft)  and  the  driven  section  length  is 
6.5  m  (  27.9  ft).  The  last  5.9  m  (19.3  ft)  section  of  the  tunnel  makes  up  the  exhaust 
chamber  for  tha  induced  flow.  The  inside  diameter  of  the  tunnel  is  approximately  9.716 
cm  (3.626  in.).  The  driver  section  has  a  maximum  rating  of  12.4  MPa  (1600  psia)  and  is 
charged  with  helium  gas.  Tha  driven  section  can  be  brought  to  pressures  as  low  as  1.36 
kPa  (0.2  psia)  and  the  test  gas  can  be  composed  of  any  combination  of  oxygen  and 
nitrogen.  Firing  of  the  tunnel  is  accong)lished  through  a  double  burst  diaphragm 
technique.  The  burst  diaphragms  are  composed  of  soft  aluminum  sheets  and  are  ruptured 
against  a  knife  edga  to  minimize  tha  amount  of  debris  that  ends  up  in  the  tunnel. 
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Figure  1.  Schematic  diagram  of  shock  tunnel  facility 


The  test  section  is  located  at  the  end  of  the  driven  section  and  is  characterized  by 
a  sudder  cross-sactional  araa  change  from  the  9.716  cm  (3.626  in.)  diameter  round  shock 
tunnal  to  a  2.656  cm  (1.125  in.)  square  duct.  A  cut-^ut  side  view  of  tbe  test  section 
is  shown  in  Fig.  2.  Quartz  windows  located  on  the  top  and  sides  of  the  test  section 
(side  windows  not  shown  in  the  figure)  provide  optical  access.  Perforated  plates  are 
located  at  both  the  upstream  entrance  and  downstream  exit.  The  domstream  exit  plate 
acts  as  a  nozzle  which  chokes  the  flow  and  controls  the  velocity  of  gas  through  the 
tast  section.  The  upsrream  perforated  plate  was  not  used  by  either  Kashiwagi  or  Birk 
in  thair  studies.  It  was  addad  to  help  damp  out  initial  pressure  oscillations  caused 
by  the  starting  transient  of  the  flow  when  the  shock  wave  passes  through  the  test 
section.  Without  the  plate,  the  pressure  in  the  test  section  would  display  extreme 
oscillations  in  the  first  three  milliseconds  of  the  test  time.  Addition  of  the  plate 
lessens  the  magnitude  and  duration  of  these  oscillations. 
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Figure  2.  Cutout  side  view  of  test  section  for  convective  ignition  studies 


The  shock  tunnel  is  used  to  create  a  reservoir  of  high  temperature,  high  pressure 
gas  which  in  turn  induces  a  flow  through  the  test  section.  The  incident  shock  wave 
generated  in  the  tunnel  propagates  dom  the  driven  section  to  the  test  section.  Since 
the  diameter  of  the  tunnel  is  much  larger  than  the  opening  to  the  test  section,  most  of 
the  shock  wave  is  reflected  off  the  flat  end  wall.  The  doubly  shocked  gas  in  the 
driven  section  of  the  tunnel  is  now  at  a  very  uniform  high  pressure  and  temperature. 

The  high  pressure  induces  flow  through  the  test  section  and  across  the  sample.  Ideally 
this  flow  is  of  a  steady  temperature  and  pressure  throughout  the  available  test  time. 
The  major  limitation  of  the  shock  tunnel  is  the  time  in  which  the  flow  is  at  these  high 
temperatures  and  pressures.  Under  certain  conditions,  the  shock  tube  facility  provides 
a  maximum  of  *^17  ms  of  useful  test  time.  This  time  can  be  shortened  if  the  conditions 
of  the  tunnel  are  not  in  the  ‘tailored*  operating  regime^^.  Tailoring  of  the  shock 
tunnel  conditions  is  commonly  used  in  shock  tube  studies  and  deals  with  minimizing  the 
interaction  of  the  reflected  shock  wave  with  the  contact  surface  (the  interface  between 
the  driver  and  driven  gases) .  If  the  internal  energies  of  the  driver  and  driven  gases 
are  equal  across  the  contact  surface,  the  reflected  shock  will  pass  through  the  contact 
surface  without  creating  any  additional  disturbances  other  than  a  Mach  wsve.  If  they 
are  not  equal,  the  interaction  results  in  either  an  expansion  wave  or  shock  wave  which 
-is  reflected  hack  toward  the  test  section.  The  arrival  of  this  disturbance  created  hy 
the  interaction  at  the  contact  surface  prematurely  ends  the  test  time.  For  the  shock 
tunnel  used  in  this  study,  tailored  conditions  %iere  obtained  when  the  incident  shock 
wave  had  a  Mach  number  between  3.60  and  3.90. 

Prior  to  ignition  testing,  the  uniformity  of  the  flow  passing  through  the  test 
section  and  across  the  sample  had  to  he  examined.  This  was  especially  necessary 
because  the  addition  of  the  upstream  perforated  plate  would  create  a  turbulent  wake 
region  upstream  of  the  sasqple  position  which  %#ould  have  to  dissipate  prior  to  reaching 
the  position  in  the  test  section  where  the  sample  was  mounted.  A  set  of  high  speed 
schlieren  tests  were  carried  out  to  visualize  the  flow  approaching  the  sample.  The 
results  of  these  tests  proved  the  flow  approaching  the  sample  was  uniform. 

Through  control  of  the  areas  open  to  the  flow  on  both  the  upstream  perforated 
plate  and  downstream  nozzle,  the  initial  driver  gas  to  driven  gas  pressure  ratio  and 
the  initial  pressure  in  the  driven  section,  the  shock  tunnel  is  capable  of  producing  a 
wide  range  of  test  conditions:  pressures  of  1.03  to  4.14  MPa  (150  to  600  psia), 
tesiperatures  of  950  to  1500  K  (1710  to  2670  R),  and  velocities  of  40  to  250  m/s  (131  to 
620  ft/s) .  AS  described  earlier,  the  above  conditions  have,  in  certain  csaes,  very 
short  available  test  times  depending  on  the  deviation  from  the  tailored  regime. 

Diagnostics  for  ignitions  tests  are  highli^ted  in  Fig.  3.  Three  Kistler  601B1 
pressure  transducers  located  along  the  driven  section  of  the  tunnel  detect  the  arrival 
of  the  shock  mve  at  fixed  locations  and  are  used  to  measure  the  speed  of  the  incident 
shock  wave.  Another  Kistler  601B122  pressure  transducer  is  located  in  the  test 
section,  1.91  cm  (0.75  in.)  upstream  of  the  sample,  as  can  be  seen  in  Fig.  2.  This 
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transducer  provides  test  section  pressure  information.  To  determine  ignition  delay, 
fiva  RCA  1P26  photomultiplier  tubes  with  filters  to  prevent  saturation  are  used 
remotely  via  fiber  optic  tubes  which  are  mounted  on  the  top  window  of  the  test  section 
(see  Pig.  2) .  High  speed  visualization  of  the  event  is  accomplished  through  the  two 
side  windows.  Usually  a  Kodak  spin  Physics  SP2000  high-speed  video  system  is  used  with 
backlighting  of  the  sample,  but  tests  have  baan  run  under  more  complicated  shado%#graph 
and  schlieren  conditions  using  the  SP2000  video  system.  Zn  addition,  a  Redlake  Hycam 
high  speed  16  mm  movie  camera  with  a  higher  frame  rate  has  been  used  for  a  very  limited 
number  of  tests. 

Separate  tests  are  carried  out  to  measure  gas  temperature  and  flow  velocity.  To 
determine  gas  temperature,  the  sample  holder  is  removed  and  one  of  the  side  ports  is 
used  to  mount  an  S-type  thermocouple  in  tha  center  of  the  tast  section.  The 
thermocouple  was  made  of  25  pm  (0.001  in.)  diameter  wire;  butt-welded  at  the  enda  to 
obtain  as  small  a  bead  as  possible.  Theoretically,  tha  diract  thermocouple  reading 
provides  a  temperature  value  between  the  total  temperature  and  the  static  temperature 
of  the  flow.  Corrections  to  this  direct  reading  in  order  to  compensate  for  any 
discrepancy  were  not  deemed  necessary  for  the  low  speed  tests  (40-55  m/s)  where  the 
difference  between  static  and  stagnation  temperature  values  would  be  very  small.  The 
velocity  of  the  flow  was  detarmined  using  two  approximate  methods.  First,  a  pitot  tube 
set-up  incorporating  a  Validyne  215-51  diaphragm  pressure  transducer  was^  used,  but  the 
response  time  was  not  fast  anough  to  provide  anything  but  a  good  estimate  of  the  flow 
velocity  within  ±5  m/s.  However,  during  tha  course  of  tha  test  firings  an  alternative 
measurement  method  was  discovered.  If  the  driven  section  of  the  shock  tunnel  is  not 
thoroughly  cleaned  between  test  firings,  reacting  aluminum  (or  some  other  material) 
particles  are  carried  through  the  test  section  throughout  the  duration  of  the  test. 
Under  the  assumption  of  no  slip  velocity  between  the  gas  and  the  particle  (fully 
entrained  conditions),  measurement  of  the  streakline  lengths  captured  on  the  high-speed 
video  as  the  particles  passed  through  the  test  section  provides  another  approximate 
value  of  flow  velocity.  Comparison  of  the  values  obtained  using  both  methods  showed 
vary  good  agreement  (within  ±5  m/s) . 

TEST  SAMPLE 

The  propellant  used  for  this  atudy  was  XM-39  (Lot  #A5-1164-113)  which  has  a 
formulation  of  761  RDX,  12%  CAB,  7.61  ATEC/  41  NC,  and  0.4%  EC.  Tne  grain  geometry  was 
cylindrical  with  a  nominal  diameter  of  7  mm  (0.26  in.)  and  length  of  6.6  mm  (0.34  in.). 
Unfortunately  the  samples  ware  received  in  a  less  than  ideal  condition.  The  size 
(length  and  diameter)  varied  from  grain  to  grain,  tha  size  of  an  individual  sample  was 
not  uniform  (not  a  perfect  cylinder)  and  the  surface  was  pitted  and  graphite  coated. 

In  order  to  try  and  maintain  uniformity  in  the  tests,  each  sample  had  to  be  carefully 
prepared.  This  was  done  by  hand  to  minimize  any  possible  damage  to  tha  sample  which 
machining  might  cause.  The  length  was  trimmed  to  a  constant  0.74  cm  (0.29  in.),  the 
graphite  coating  was  removed,  and  the  surface  was  polished  until  it  was  visually 
smooth. 

The  semple  waa  then  mounted  in  the  test  section  so  tha  induced  flow  was 
perpendicular  to  the  length  of  the  grain.  This  relatively  simple  grain/flow  geometry 
was  used  in  order  to  gain  a  more  fundamental  understanding  of  the  underlying  ignition 
mechanisms  of  the  propellant.  Mounting  of  the  sample  in  the  test  section  was 
accomplished  by  drilling  a  hole  down  the  center  of  the  cylindrical . sample .  A  stainless 
steel  rod  is  inserted  through  this  hole  and  attached  to  end  holders.  The  difference 
between  the  size  of  the  test  section  (2.66  cm/1.125  in.)  and  the  length  of  the  sample 
(0.74  cm/0.29  in.)  was  occupied  by  inert  teflon  spacers  on  either  side  so  the  flow 
would  *see*  essentially  one  long  cylinder  stretching  across  the  entire  test  section. 
This  wes  done  to  remove  eny  possible  end  effects  from  the  test. 

TEST  CONOITIOHS 

The  shock  tunnel  has  a  maximum  test  time  of  about  17  msec  under  tailored  conditions. 
From  the  literature  it  is  well  known  that  XM-39  displays  long  ignition  delay  times. 
Concern  over  whether  the  propellant  muld  ignite  witbin  the  aveilable  test  regime 
dicteted  the  conditions  chosen  for  this  study.  The  tests  were  performed  in  the  region 
of  the  teilored  interface  conditions,  incident  shock  wave  Mach  number  between  3.60  and 
3.90,  which  would  provide  the  maximum  testing  time.  Some  test  were  run  at  higher  and 
lowar  incident  Mach  numbers  because  the  sample  tiould  ignite  prior  to  the  premature 
ending  of  the  test.  The  open  araa  of  both  the  upstream  perforated  plate  and  domstream 
nozzle  %/ere  fixed  so  the  velocity  of  the  test  gases  was  usually  between  50  and  56  m/s 
(164.0  ft/s  end  163.7  ft/s).  At  theae  lo%rer  velocities  the  propellant  would*have  a 
better  chence  of  achieving  ignition  within  the  available  test  time.  The  tests  were 
carried  out  using  air  as  the  teat  gas  which  is  indicative  of  practical  ignition 
scenarios.  Tha  actual  taat  conditions  ere  listed  in  Table  1  of  the  Results  section. 
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Figure  3.  Schematic  diagram  of  convective  ignition  diagnoatica 


RESULTS  AND  DISCUSSION 


CALIBRATION  TESTS 

To  obtain  the  gaa^phase  tea^rature  of  the  convective  stream  within  the  test 
section#  a  set  of  calibration  tests  were  carried  out.  For  this  set  of  tests#  the  Mach 
number  of  the  incident  shock  wave#  the  test  aection  pressure#  and  the  gas-phase 
temperature  were  measured  end  correlated.  Using  this  correlation#  the  temperature 
could  be  celculeted  if  the  incident  ahock  wave  Mach  number  and  test  section  pressure 
are  known.  Transport  properties  such  as  thermal  diffusivity  and  viscosity  of  the  test 
ges  were  determined  using  these  calculated  temperatures.^^  In  addition#  the  gas-phase 
density  wes  deduced  using  this  temperature  value  and  the  measured  test  section 
pressure. 


A  typical  temperature  trace  is  shorn  in  Fig.  4.  The  response  time  of  the 
thermocouple  was  not  fast  enough  to  provide  detailed  information  about  the  starting 
period  of  the  flow#  but  it  is  assumed  the  plateau  on  the  trace  towards  the  end  of  the 

test  time  corresponded  to  the  average  gas  temperature  in  the  test  section. 

IGNITION 

A  totel  of  sixteen  ignition  taste  have  been  conducted  at  the  conditions  shown  in 

Table  1.  This  table  lists  the  meesured  test  section  pressure  and  incident  shock  wave 

Mach  number#  the  corresponding  temperature  value  obtained  via  e  correlation  to 
calibration  date#  end  the  values  of  Reynolds  number#  Prendtl  number#  test  section  flow 
Mach  number  end  Nusselt  number.  In  addition#  there  ere  two  listings  for  delay  times 
essocieted  with  ignition#  the  time  to  light  emmission  <tu)  end  the  ignition  delay  time 
<tio) . 

The  first  delay  time  listed  is  the  time  until  first  light  ammission  (tix)  .  In  most 
cases#  emmission  of  light  from  the  sample  was  observed  on  the  high-speed  video  record 
of  the  transient  startup  time.  During  this  startup  time#  the  shock  wave  arrives  at  the 
test  aection  end  heating  rates  are  highest.  However#  this  'transient*  ignition  was  not 
el«#eys  able  to  sustain  burning  for  the  entire  test  time  because  the  heating  retas  would 
decrease  with  the  onset  of  the  quesi-ateedy  flow  through  the  teat  section.  The  sample 


once  quenched  would  usually,  but  not  always^  reignite  later  during  the  steady  state 
convective  heating  period  and  sustain  burning  until  the  end  of  the  teat  time.  It  is 
this  second  ignition  point  which  has  been  labeled  the  ignition  delay  time(txo).  The 
ignitioo  dalay  was  determined  through  analysis  of  both  the  photomultiplier  output 
(lOOfOOO  data  points  per  second)  and  the  high  speed  video  pictures  (6,000  pictures  per 
aacond) . 


TABLE  I:  Summary  of  test  conditions  and  results 


Test  Section  Parameters 


Test 

Mq_ 

Incident 
Mach  No. 

Pressure 

MPa  fpsia) 

Temperature 
•k  (“RJ 

Reynolds 

Prandtl 

Numhar 

Musselt 

Mach 

N«fnh#»r 

tLE 

ma^r 

tio 

msec 

051 

3.808 

1.89(274) 

1377(2479) 

35190 

0.707 

142.6 

0.074 

2.83 

7.33 

052 

3.758 

1.92(278) 

1319(2374) 

38755 

0.716 

150.8 

0.076 

3.17 

5.50 

053 

3.869 

1.81(262) 

1447(2605) 

31402 

0.695 

133.6 

0.073 

— 

7.27 

055 

3.850 

1.75(254) 

1425(2565) 

31259 

0.699 

133.2 

0.074 

9.41 

056 

3.915 

1.72(249) 

1498(2696) 

28216 

0.685 

125.6 

0.072 

1.00 

2.45 

0S8 

3.872 

1.74(252) 

1450(2610) 

30086 

0.694 

130.3 

0.073 

1.17 

1.50 

059 

3.971 

2.65(384) 

1563(2813) 

39959 

0.687 

153.5 

0.071 

1.33 

3.17 

060 

3.789 

2.58(374) 

1355(2439) 

50472 

0.710 

175.7 

0.076 

— 

2. 02 

061 

3.7B0 

2.57(373) 

1345(2421) 

51008 

0.712 

176.8 

0.076 

1.67 

3.17 

062 

3.641 

2.21(320) 

1234(2221) 

49761 

0.725 

174.2 

0.077 

— 

5.64 

063 

3.934 

2.37(344) 

1520(2736) 

37180 

0.686 

147.2 

0.070 

0.83 

5.17 

064 

3.700 

2.22(322) 

1252(2254) 

45989 

0.723 

166.5 

0.073 

2.83 

3.64 

065 

3.898 

1.99(289) 

1480(2664) 

31529 

0.689 

133.9 

0.069 

2.83 

8.59 

066 

3.407 

2.21(320) 

1173(2111) 

37330 

0.728 

147.6 

0.055 

-- 

11.46 

067 

3.602 

1.72(250) 

1164(2095) 

41944 

0.726 

157.9 

0.079 

1.67 

14.55 

068 

3.580 

1.89(274) 

1172(2110) 

44619 

0.728 

163.6 

0.077 

1.33 

5.33 

The  results  of  Test  067  have  been  cbosen  as  a  'typical*  example  case  in  which  to 
discuss  tbe  ignition  phenomenon.  It  should  be  understood  that  this  does  not  mean  all 
the  tests  displayed  identical  reaulta^  but  for  this  series  of  low  speed  testa  the 
variation  in  the  phenomenon  observed  was  not  extreme  from  case  to  case. 

The  pressure  transducer  output  versus  time  for  Teat  067  is  presented  in  Fig.  S.  As 
can  be  seen,  the  trace  can  be  divided  into  two  sections.  The  'transient  starting  time* 
Is  cbaracterixed  by  a  sharp  pressure  rise  followed  by  large  oscillations  caused  by 
reflections  of  the  incident  shock  wave  within  the  test  section.  These  large 
oscillations  damp  out  in  less  than  three  milliseconds  before  the  'steady  state*  test 
time  period  begins.  The  static  pressure  during  the  steady  state  test  time  is  not 
constant  during  the  test  but  increases  from  a  minimum  value  of  1.55  MPa  (225  psia)  to  a 
maximum  value  of  1.90  MPa  (275  psia).  This  corresponds  to  about  a  201  increaae  in 
pressure  over  the  duration  of  the  test.  This,  unfortunately,  is  unavoidable  ao  an 
average  presaure  value  is  used  in  all  calculations  and  in  the  presentation  of  the 
reaults.  Although  this  is  undesirable,  the  pressure  value  during  the  majority  of  the 
test  can  be  considered  quasi*steady  with  tolerable  pressure  variation. 

The  output  of  the  five  RCA  1P28  photomultiplier  tubes  are  shown  in  Fig.  6.  The 
large  initial  deflection  in  the  traces  (the  output  of  PMT  5  saturated  the  data 
acquisition  system)  corresponds  to  the  arrival  of  the  incident  shoc)c  wave  in  the  test 
section  (time  -  0)  .  The  photomultipliers  can  recover  from  this  flashing  in  less  than  2 
ms.  The  large  spi);e  appearing  aoon  after  recovery  (PMT  3)  corresponds  to  s  very  bright 
flash  from  the  top  of  the  saiig>le  which  can  be  seen  very  clearly  in  the  video  pictures 
(see  Fig.  7)  and  is  listed  in  Table  X  aa  tu.  The  next  deflection  of  the 
photocBultiplier  signal  (particularly  on  PMT  2  and  PMT  3  which  are  focused  on  the 
sample)  ia  due  to  the  onset  of  sustained  ignition  of  the  sample  at  14.65  ma  (txo)  .  The 
rarefaction  wave  arrives  at  the  test  section  after  ^17.60  ms  (see  Fig.  5)  and  the 
intensity  of  light  from  the  burning  sample  drops  and  rises  but  the  sample  does  not 
fully  extinguish  until  22.35  ms  after  the  first  detection  of  pressure  rise  in  the  test 
section. 

Still  photographs  obtained  from  the  high*speed  video  for  Test  067  are  shown  in  Fig. 
7.  Backlighting  of  the  sample  was  used  and  the  convective  stream  is  moving  from  right 
to  left.  To  provide  aome  initial  perspective.  Fig.  7a  is  a  pretost  picture  of  the 
sample  in  the  test  section.  The  arrival  of  the  shock  wave  is  so  bright  that  the  video 
system  aaturatas  and  is  therefore  not  shown  but  this  would  correspond  to  time  t-0. 
Figure  7b  waa  taken  to  show  the  bright  flash  at  the  top  of  the  test  sample  which 
corresponds  to  the  large  spike  on  the  photomultplier  trace  (PMT  3)  .  This  flash  of 
light  from  the  sample  could  only  be  seen  in  a  single  frame  from  the  video.  Thereafter 
the  sample  appears  aa  aean  in  Fig.  7c  until  tha  ignition  point  at  time  t  -  14.67  ms 
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Figure  7.  Still  photogrephs  obteined  from  high-speed  videotape  of  typical 
shock  tunnel  convective  ignition  test  (Test  067). 


H  {rig*  7d)  on  the  top  of  the  sample  only.  In  rig.  7f,  corresponding  to  t  «■  15.00  ms, 

burning  can  also  be  seen  from  the  lower  part  of  the  sample.  Subsequent  frames  show  the 
Incraasing  light  emission  from  the  waka  region  of  the  sample  until  eventually  the 
burning  spreads  over  tha  entire  downstream  surface  (Figs.  71  and  7m) .  The  final 
picture  shoifn.  Fig.  7t#  corresponds  closely  to  the  arrival  of  the  rarefaction  wave  when 
B  burning  is  briefly  interrupted  as  the  pressure  drops.  The  sample  does  continue  to 

burn  for  several  more  milliseconds,  but  this  is  not  of  interest  at  this  point  othar 
than  to  show  resiliency  of  the  flame  which  provides  proof  that  actual  ignition  of  the 
‘  ■  sample  has  occurred. 

In  some  tests,  such  as  068,  the  burning  became  so  intense  it  spread  forward  from  the 
separation  point  of  the  boundary  layer  toward  tha  stagnation  point  of  the  sample.  The 
I  IM  major  difference  hetwen  the  two  tests  can  be  seen  in  Table  I.  The  pressure  in  tha 

’  ■  test  section  for  test  068  was  much  greater  than  for  test  067.  This  lowered  the 

■  ignition  delay  time  considerably  and  affected  the  flame  spread  phenomenon  after 
Ignition  had  occurred.  It  should  remain  clear  however,  that  the  ignition  of  the 
sample,  as  it  has  been  defined  for  this  program,  still  occurred  in  the  area  of  the 

■  separation  point  of  the  boundary  layer. 

One  goal  of  this  project  is  to  examine  possible  correlations  between  the  ignition 
delay  time  and  the  nondimen sional  parameters  involved  in  tha  convective  ignition 
H  process.  Any  general  correlation  will  have  to  account  for  a  large  number  of  variables 

j  ■  (e.g.  Ren#  Pr,  Mj,  Yox,  propellant  formulation,  sample  surface  characteristics,  etc.). 

!  W  For  the  data  presented  here,  however,  only  a  very  simple  correlation  between  tha 

ignition  delay  time  and  the  Nusselt  number  (see  Fig.  8)  is  possible  because  of  tha 
I  ^  limited  range  of  test  conditions  imposed  (see  Table  1) .  The  ignition  delay  time,  tiD, 

i  ■  was  nondimens ionalized  using  the  characteristic  flow  residence  time  (diameter  of  tha 

;  ^  sampie/velocity  of  the  external  flow  in  the  test  section).  Since  the  velocity  in  the 

I  test  section  did  not  vary  considerably  this  reference  time  was  almost  constant.  The 

average  Nusselt  number  was  calculated  using  the  formula  given  by  Hhitaker^^: 

P  Nud  -  (0.40ReD^-^  +  0.06ReD®-®‘^)Pr®-^  (1) 

This  plot  is  provided  to  show  the  potential  for  correlations  of  a  more  complex  nature. 
^  As  Stated  before,  the  data  presented  here  represents  a  small  range  of  test  conditions. 

H  The  velocity  in  the  test  section  was  held  almost  constant,  all  tests  ware  carried  out 

V  in  air,  and  the  formulation  of  the  propellant  was  not  varied.  Therefore,  the  only 

variables  changed  by  any  significant  amount  were  tha  test  section  pressure  and 
_  teBg>erature.  The  variation  of  these  two  variables  is  accounted  for  in  tha  calculation 

■  of  the  Nusselt  number.  Further  testing  at  different  flow  velocities  and  test  gas 

I  ^  oxidizer  concentrations  are  planned  to  further  generalize  any  future  correlations. 

Presently,  the  ignition  delay  data  are  correlated  with  Nusselt  number  in  the  following 
formula : 

1  ft  txo/tr«f  •  179.71  -  0.87490NUD  (2) 

*  This  equation  provides  and  adequate  trend  for  the  data  with  reasonable  accuracy. 


IM  iM  m  m  m 

l»i>0  •  |0.40|l«o^‘^  * 

Figure  S.  Nondimens ionalized  ignition  delay  time  versus  calculated  Nussalt  number 
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CONCLUSIONS 


The  following  conclusions  about  the  convactlva  ignition  of  XM-39  propellant  can  be 

reached  based  on  the  results  obtained  and  discussed  above: 

1.  Convective  Ignition  and  flama  spreading  phenomenon  of  XM-39  solid  propellant  has 
been  successfully  observed  using  a  shock  tunnel  facility. 

From  observation,  the  sample  surface  can  reach  momentary  ignition  due  to  Incident 
and  reflected  shock  wave  heating  during  the  transient  startup  time  of  tha  test. 

This  heating  is  vary  Intense  but  very  short  in  duration  and  leads  to  light 
emmlsslon  from  tha  sample.  However,  the  thermal  profile  during  this  period  is  too 
thin  to  sustain  Ignition  after  the  heat  input  is  reduced. 

3.  Sustained  convective  Ignition  usually  occurs  In  the  region  near  the  separation 
point  of  the  boundary  layer.  Probable  gas^phase  Ignition  mechanism  -  the  high 
heating  rates  at  the  stagnation  point  and  shoulder  region  of  the  sample  create 
pyrolysis  products  which  are  carried  by  the  flow  Into  the  recirculation  zones 
formed  by  tha  boundary  layer  separation.  Further  heating  at  these  points  lead  to 
Ignition  In  the  gas-phase. 

4.  Curing  the  test,  the  flame  propagates  towards  the  downstream  stagnation  point  of 
the  propellant  sample.  The  sample  is  acting  as  a  flame  holder  -  In  the  waka  region 
the  local  flow  velocity  Is  reduced  and  the  flame  can  sustain. 

5.  In  most  tests,  the  luminous  flame  remained  on  the  downstream  side  of  tha  sample  in 
the  reclrulatlng  wake.  However,  as  the  test  chamber  pressure  was  increased,  the 
luminous  flame  propagated  upstream  toward  the  front  stagnation  point  of  tha  sample . 
This  is  believed  to  be  an  effect  of  the  higher  heating  rates  to  the  front  of  the 
sample  caused  by  the  higher  pressures. 

6.  A  simple  Ignition  delay  to  Nussalt  number  correlation  provides  an  Indication  of  the 
effect  of  the  external  flow  parameters  on  the  Ignition  of  tha  LOVA  propellant 
san^le. 


FUTURE  WORK 

Continuing  tests  will  be  carried  out  to  Improve  upon  the  results  obtained  thus  far. 

-  Freestream  velocity  measurements  in  the  test  section  will  be  validated  using  Laser 
Doppler  Velocimetry. 

-  More  gas^phase  temperature  tests  with  a  faster  responding  thermocouple  will  be 
conducted  to  better  improve  temperature/pressure/lncidant  shock  wave  Mach  number 
correlation. 

-  Further  ignition  testing  at  different  flow  velocities  and  using  test  gases  with 
varying  concentrations  of  oxygen  will  be  carried  out  to  expand  on  the  range  of  data 
evailabla  for  the  development  of  more  general  correlations. 
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Abstract 

Crossflow  convective  ignition  tests  of 
RDX-based  LOVA  perforated  stick  solid 
propellant  are  carried  out  in  air  and 
nitrogen  using  a  shock  tunnel  facility. 

Test  conditions  are  in  the  range  of 
pressure:  1.38  MPa  -  2.77  MPa,  temperature: 
1100  K  -  1500  K  and  flow  velocity:  60  m/s  - 
70  m/s.  Ignition,  achieved  only  in  the 
presence  of  ambient  oxidizer,  is  always 
observed  at  or  very  near  the  surface  of  the 
sample  in  the  region  of  the  boundary  layer 
separation  point.  Ignition  delay  time, 
determined  using  a  photomultiplier  tube 
detection  system,  is  correlated  to 
dimensionless  convective  flow  parameters . 
Post-test  microcopic  analysis  of  samples 
show  the  formation  of  a  liquid  layer  on  the 
surface  which  grows  in  thickness  near  the 
separation  point.  A  complex  three-phase 
ignition  process  is  postulated  upon  to 
assist  with  modeling  considerations. 

Introduction 

Of  recent  interest  in  the  gun  and  rocket 
community  is  the  formulation  of  so-called 
'insensitive*  munitions  which  would  be 
resistant  to  accidental  ignition  from  all 
energy  levels  below  the  desired  stimulus. 

Of  particular  interest  are  formulations 
based  on  the  nitramines  RDX  and  HMX.  These 
materials  not  only  display  a  high  thermal 
stability  and  a  low  sensitivity  to  ballistic 
vulnerability  but  also  have  ideal  features 
of  low  smoke  output  and  high  specific 
Impulse  (rockets)  or  impetus  (guns) . 

However,  these  low  vulnerability  ammunition 
(LOVA)  propellants  are  not  without 
disadvantages .  The  most  apparent  problem 
associated  with  the  practical  use  of  LOVA 
propellants  is  the  difficulty  in  achieving 
consistent  ignition  when  it  is  desired. 
Therefore,  the  ignition  characteristics  of 
these  propellants  must  be  well  understood  if 
safe,  reliable  igniters  are  to  be  designed 
for  propulsion  systems  which  use  these  types 
of  propellants. 

The  ignition  of  solid  propellants 
involves  complex  physical  and  chemical 
processes.  The  event  is  initiated  by  the 
application  of  some  external  stimulus  such 
as  convective  heat  transfer  from  hot  gases, 
radiative  heat  flux,  impact,  friction,  etc. 
and  ends  with  the  self-sustained  burning  of 
the  material.  The  physical  and  chemical 
interactions  which  occur  during  this  period 


characterize  the  'ignition*  transient 
phenomena.  These  interactions  and  the  time 
scales  associated  with  them  depend  upon  the 
nature  of  the  material,  the  type  of  stimulus 
applied  and  the  level  of  energy  input.  Part 
of  the  difficulty  in  studying  ignition 
behavior  lies  in  the  interpretation  of  the 
definition.  The  beginning  of  the  ignition 
event,  the  initial  application  of  some 
external  stimulus,  is  easily  determined,  but 
the  completion  of  the  ignition  processes, 
the  onset  of  self-sustained  combustion,  is 
not  as  easily  identified.  For  example, 
'ignition'  in  a  laboratory  setting  may  be 
represented  by  emission  of  light  from  a 
sample  or  the  measurement  of  pyrolysis  gases 
generated  from  a  reacting  sample.  In  the 
case  of  a  theoretical  model,  'ignition*  is 
sometimes  based  on  some  type  of  runaway 
temperature  criteria . ^ 

In  addition  to  the  above  interpretive 
problems,  the  mechanism  of  ignition  changes 
when  different  stimuli  are  applied  and  thus 
comparison  of  data  from  various  experiments 
is  very  difficult.  It  would  be  extremely 
useful  if  a  set  of  experiments  could  be 
performed  using  a  single  propellant  type  in 
various  ignition  experiments  which  employ 
the  same  Ignition  criteria.  This  would 
provide  a  clearer  understanding  of  the 
subsequent  results  and,  at  the  very  least, 
useful  quantitative  comparisons  between 
different  ignition  tests  employing  different 
mechanisms  could  be  made. 

Much  information  is  already  known  about 
the  ignition  and  combustion  of  nitramine 
propellants.  The  literature  survey  by 
Boggs ^  provides  a  very  good  overview  of  what 
has  been  done  regarding  the  thermal 
decomposition  of  both  RDX  and  HMX.  Of 
particular  interest,  is  the  description  of 
ignition  studies  with  HMX  in  which  the 
radiative  ignition  behavior  of  the  nitramine 
is  found  to  be  more  similiar  to  double-base 
propellants  than  that  of  AP  composite 
propellants.  The  study,  first  presented  by 
Boggs  et  al.^,  describes  how  HMX  pellets 
display  significant  pre-ignition  behavior 
after  reaching  a  gasification  threshold  for 
a  given  laser  induced  heat  flux  input.  The 
pellets,  even  after  reaching  the 
gasification  threshold,  were  not  able  to 
sustain  burning  until  another  *go/no  go* 
threshold  had  been  reached.  This  is  unlike 
AP-based  propellants  which  ignite  almost 
immediately  after  gasification  is  achieved. 
It  was  concluded  in  their  study  that 


*Thid  work  was  performed  under  the  aponaorahlp  of  the  Anny  Reaearch  Office,  Research  Triangle  Park,  North 
Carolina,  Contract  Humber  DAAL03-67-K-0064 .  The  support  and  encouragement  of  Dr.  D.H.  Mann  is  highly 
appreciated. 

#Ph.D.  Candidate,  Student  Member  of  AIAA 
SAssistant  Professor,  Member  of  AIAA 
tDistinguished  Professor,  Associate  Fellow  of  AIAA 

Copyright  ©  1990  American  Institute  of  Aeronautics  and 
Astronautics.  Inc.  All  rights  reserved. 


1 


ignition  of  nitramine  propellants  was 
occurring  in  the  gas  phase.  Another  study 
by  Kuo  and  coworkers^/^  examined  laser 
induced  pyrolysis  and  ignition  processes  of 
RDX-based  composite  propellants  using  a 
high-powered  CO2  laser.  Based  on  fine  wire 
thermocouple  measurements^  Kuo  and 
coworkers  found  five  separate  reaction 
zones  above  the  propellant  surface  during 
the  ignition  transient  (1)  a  primary 
reaction  zone,  (2)  a  first  preparation  zone, 
(3)  a  secondary  reaction  zone,  (4)  a  second 
preparation  zone  and  (5)  a  final  luminous 
flame  zone.  Again  the  importance  of  gas- 
phase  reactions  on  the  ignition  of  the 
propellants  via  radiative  heat  flux  has  been 
substantiated. 

Kubota®  examined  the  flame  structure  of 
both  RDX-  and  AP-based  composite  propellants 
and  described  his  findings.  The  RDX-based 
propellant  exhibited  a  steady-state  flame 
structure  similiar  to  double-base 
propellants  in  which  a  visible  standoff 
distance  between  the  luminous  flame  and  the 
propellant  surface  could  be  seen.  The  RDX 
composite,  although  displaying  a  physical 
structure  similiar  to  the  AP-based 
propellant,  has  a  combustion  wave  structure 
which  is  more  similiar  to  that  of  double¬ 
base  homogeneous  propellants.  Although  this 
work  involved  the  visualization  of  steady 
flame  structure,  it  further  supports  the 
above  findings  of  Boggs  et  al.®  and  Kuo  and 
coworkers®^^  in  which  gas-phase  reactions 
are  important  to  the  combustion  of  nitramine 
propellants . 

A  recent  JANNAF  workshop,  cocoordinated 
by  Stiefel  and  Kuo®,  was  held  to  determine 
the  status  and  technilogical  gaps  of 
nitramine  propellant  ignition  research.  A 
large  portion  of  the  workshop  dealt  with 
ignition  of  nitramine  propellants  in  gun 
simulator  studies.  For  example,  Stiefel  and 
Costello^^  and  Messina  et  al.^^  discussed 
work  done  with  25min  gun  system  simulators 
and  Rodriguez^^  examined  the  relationship 
between  ignition  system  characteristics,  the 
temperature  coefficient,  and  round-to-round 
reproducibility  using  high  energy  LOVA 
propellants  in  a  30  mm  test  fixture.  These 
tests,  although  very  valuable  when 
determining  the  ideal  charge/igniter  design 
for  a  particular  gun  system,  do  not  place  as 
great  an  emphasis  on  understanding  the  basic 
fundamental  physical  and  chemical  processes 
which  govern  nitramine  propellant  ignition. 
Identified  at  this  workshop  was  a  lack  of 
fundamental  convective  ignition  information. 
Since  this  ignition  mechanism  is  important 
to  the  gun  community,  this  was  felt  to  be  a 
major  technological  gap. 

Convective  ignition  tests  have  been 
carried  out  successfully  in  the  past  by  both 
Kashiwagi  et  al.^®  and  Birk  and  Caveny^^ 
using  a  shock  tunnel  facility.  Kashiwagi  et 
al.^®  studied  ignition  of  solid  fuels  due  to 
convective  heating  via  hot  shock  tube 
generated  gases.  The  geometry  of  the  sample 
was  a  flat  plate.  Birk  and  Caveny^^  carried 


out  a  study  of  cylindrical  nitrocellulose 
propellants  which  were  ignited  via 
convective  crossflow  heating  by  hot  gases 
created  by  the  same  shock  tunnel  facility 
that  Kashiwagi  et  al.^®  used.  Birk  and 
Caveny^^  were  able  to  visually  determine, 
for  nitrocellulose  propellants,  ignition  of 
the  sample  occurred  either  at  the  front 
stagnation  point,  the  separation  point  of 
the  boundary  layer,  or  the  rear  stagnation 
(downstream  wake)  region  depending  on  the 
imposed  convective  conditions,  the  oxidizer 
percentage  in  the  test  gas,  and  the 
propellant  formulation  used.  In  addition, 
the  ignition  delay  (defined  as  arrival  of 
the  pressure  wave  to  the  time  of  first  light 
emission)  could  be  measured  and  the  effects 
of  pressure,  temperature,  flow  velocity  and 
free  stream  oxidizer  content  on  the  this 
delay  time  could  be  examined.  The  test 
method  used  by  Birk  and  Caveny^^  was  very 
effective  and  provided  useful  information 
regarding  the  Ignition  and  flame  spreading 
phenomenon  for  the  nitrocellulose 
propellants  studied. 

This  paper  describes  the  convective 
ignition  portion  of  an  ongoing  study  of  RDX- 
based  XM-39  LOVA  propellant  carried  out 
using  the  same  shock  tunnel  facility  as  Birk 
and  Caveny^^  and  Kashiwagi  et  al.^®  The 
ultimate  goal  of  the  ongoing  study  is  to 
achieve  a  better  understanding  of  convective 
ignition  processes  and  examine  possible 
relationships  between  the  convective  and 
more  commonly  examined  radiative  ignition 
behavior  of  this  propellant.  Although  the 
CO2  laser  radiative  test,  as  mentioned 
earlier  when  discussing  the  work  of  Kuo  and 
coworkers®' provides  greater  control  over 
heat  flux  input  and  is  more  commonly  used 
due  to  its  relative  simplicity,  the 
convective  ignition  test  is  more  closely 
related  to  the  actual  ignition  process  used 
in  practical  gun  systems  where  propellant 
ignition  is  obtained  via  hot  gases  from  the 
igniter.  The  objectives  of  this  project  are 
to  (1)  visually  examine  the  convective 
ignition  phenomenon  and  subsequent  flame 
spreading  of  RDX-based  XM-39  propellant 
using  high  speed  photography,  (2)  measure 
ignition  delay  (based  on  light  emission  from 
the  sample)  and  examine  possible 
correlations  to  convective  flow  parameters 
and  (3)  microscopically  examine  recovered 
propellant  samples  to  determine  the  effects 
of  burning  on  sample  surfaces. 

Method  Qf  Approach 

ShQck^lunnel  Facility 

The  convective  ignition  experiments  are 
carried  out  using  a  modified  version  of  the 
shock  tunnel  used  in  previous  studies  by 
Kashiwagi  et  al.^®  and  Birk  and  Caveny^^  as 
discussed  above.  The  shock  tunnel  facility, 
shown  schematically  in  Fig.  1,  is  a  total  of 
24.1  m  long.  The  driver  section  length  is 
9.7  m,  the  driven  section  length  is  8.5  m 
and  the  exhaust  section  length  is  5.9  m. 

The  inside  diameter  of  the  tunnel  is 
approximately  9.7  cm.  The  driver  section 
has  a  maximum  rating  of  12.4  MPa  and  is 
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Figure  1:  Schematic  diagram  of  shock  tunnel  facility  and  diagnostics 


charged  with  helium  gas.  The  driven  section 
can  be  brought  to  pressures  as  low  as  1.38 
kPa  and  the  test  gas  can  be  composed  of  any 
combination  of  oxygen  and  nitrogen.  Firing 
of  the  tunnel  is  accomplished  through  a 
double  burst  diaphragm  technique.  The  burst 
diaphragms  are  composed  of  soft  aluminum 
sheets  and  are  ruptured  against  a  knife  edge 
to  minimize  debris  in  the  tunnel. 

The  test  section  is  located  at  the  end  of 
the  driven  section  and  is  characterized  by  a 
sudden  cross-sectional  area  change  from  the 
9.7  cm  diameter  round  shock  tunnel  to  a  2.86 
cm  square  duct.  A  cross-sectional  side  view 
of  the  test  section  is  shown  in  Fig.  2. 
Quartz  windows  located  on  the  top  and  sides 
of  the  test  section  (side  windows  not  shown 
in  the  figure)  provide  optical  access. 
Perforated  plates  are  located  at  both  the 
upstream  entrance  and  downstream  exit.  The 
downstream  exit  plate  acts  as  a  nozzle  which 
chokes  the  flow  and  controls  the  velocity  of 
gas  through  the  test  section.  The  upstream 
perforated  plate  is  used  to  help  damp  out 
initial  pressure  oscillations  caused  by  the 
starting  transient  of  the  flow  when  the 
shock  wave  passes  through  the  test  section 
and  to  protect  the  sample  from  burst 
diaphragm  debris  Prior  to  ignition  testing, 
the  uniformity  of  the  flow  passing  through 
the  test  section  and  across  the  sample  was 
visually  examined  using  high  speed  schlieren 
photography.  LDV  measurements  further 
validated  the  uniformity  of  the  flow  in  the 
test  section. 

The  shock  tunnel  is  used  to  create  a 


reservoir  of  high  temperature,  high  pressure 
gas  which  in  turn  induces  a  flow  through  the 
test  section.  The  incident  shock  wave 
generated  in  the  tunnel  propagates  down  the 
driven  section  to  the  test  section.  Since 
the  diameter  of  the  tunnel  is  much  larger 
than  the  opening  to  the  test  section,  most 
of  the  shock  wave  is  reflected  off  the  flat 
end  wall  and  the  perforated  plate.  Upon 
reflection,  the  doubly  shocked  gas  in  the 
driven  section  of  the  tunnel  reaches  a  very 
uniform  high  pressure  and  temperature.  The 
high  pressure  induces  flow  through  the  test 
section  and  across  the  sample.  Ideally  this 
flow  is  of  steady  temperature  and  pressure 
throughout  the  available  test  time.  The 
major  limitation  of  the  shock  tunnel  is  the 
time  duration  of  the  flow  at  these  high 
temperatures  and  pressures.  Under  certain 
operating  conditions,  the  shock  tunnel 
facility  provides  a  maximum  of  ••17  ms  of 
useful  test  time.  This  time  can  be 
shortened  if  the  conditions  of  the  tunnel 
are  not  in  the  ’tailored’  operating 
regime^^.  Tailoring  of  the  shock  tunnel 
conditions  is  commonly  used  in  shock  tube 
studies  and  deals  with  minimizing  the 
interaction  of  the  reflected  shock  wave  with 
the  contact  surface  (the  interface  between 
the  driver  and  driven  gases) .  If  the 
internal  energies  of  the  driver  and  driven 
gases  are  equal  across  the  contact  surface, 
the  reflected  shock  will  pass  through  the 
contact  surface  without  creating  any 
additional  disturbances  other  than  a  Mach 
wave.  If  they  are  not  equal,  the 
interaction  results  in  either  an  expansion 
wave  or  shock  wave  which  is  reflected  back 
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Figure  2:  Cross-sectional  side  view  o£  test  section 


toward  the  test  section.  The  arrival  of 
this  disturbance  created  by  the  interaction 
at  the  contact  surface  prematurely  ends  the 
test  time.  For  the  shock  tunnel  used  in 
this  study,  tailored  conditions  were 
obtained  when  the  incident  shock  wave  had  a 
Mach  number  of  -'3,72. 

Through  control  of  the  areas  open  to 
the  flow  on  both  the  upstream  perforated 
plate  and  downstream  nozzle,  the  initial 
driver  gas  to  driven  gas  pressure  ratio  and 
the  initial  pressure  in  the  driven  section, 
the  shock  tunnel  is  capable  of  producing  a 
wide  range  of  test  conditions;  pressures  of 
1,03  to  4,14  MPa,  temperatures  of  950  to 
1500  K,  and  velocities  of  60  to  250  m/s.  As 
described  earlier,  the  above  conditions 
have,  in  certain  cases,  very  short  available 
test  times  depending  on  the  deviation  from 
the  tailored  regime. 

Diagnostics  for  ignition  tests  are 
highlighted  in  Fig,  1,  Three  Kistler  601B1 
pressure  transducers  located  along  the 
driven  section  of  the  tunnel  detect  the 
arrival  of  the  shock  wave  at  fixed  locations 
and  are  used  to  measure  the  speed  of  the 
incident  shock  wave.  Another  Kistler 
601B122  pressure  transducer  is  located  in 
the  test  section,  1,91  cm  (0,75  in,) 
upstream  of  the  sample,  as  can  be  seen  in 
Fig,  2,  This  transducer  provides  test 
section  pressure  information.  To  determine 
ignition  delay,  five  RCA  1P20 
photomultiplier  tubes  are  used  remotely  via 
fiber  optic  tubes  which  are  mounted  on  the 
top  window  of  the  test  section  (see  Fig,  2), 
Filters  are  used  to  reduce  the  observed 
range  of  wavelengths  to  the  near  ultraviolet 
centered  around  3700  A,  High-speed 
visualization  of  the  event  is  accomplished 
through  the  two  side  windows.  Usually  a 
Kodak  Spin  Physics  SP2000  high-speed  video 
system  is  used  with  backlighting  of  the 
sample,  but  tests  have  been  run  under  more 
complicated  shadowgraph  and  schlieren 
conditions  with  the  SP2000  video  system.  In 
addition,  a  Redlake  Hycam  high-speed  16  mm 
movie  camera  with  a  higher  frame  rate  has 
been  used  for  a  very  limited  number  of 
tests , 


Separate  tests  are  carried  out  to  measure 
gas  temperature  and  flow  velocity.  To 
determine  gas  temperature,  one  of  the  side 
ports  is  used  to  mount  a  shielded  K-type 
total -temperature  thermocouple  probe  in  the 
center  of  the  test  section.  The  velocity  of 
the  flow  was  determined  using  an  LDV  system. 

Test _  Sample 

The  propellant  used  for  this  study  was 
XM-39  (Lot  #A5-1184-113)  which  contains  a 
significant  amount  of  RDX,  The  grain 
geometry  is  cylindrical  in  shape  with  a 
nominal  diameter  of  7  mm  and  length  of  7,5 
mm.  There  are  sample  variations/  the  size 
(length  and  diameter)  varied  from  grain  to 
grain,  the  shape  of  individual  samples  was 
not  highly  uniform  (not  a  perfect  cylinder) 
and  the  surface  was  pitted  and  graphite 
coated.  In  order  to  try  and  maintain 
uniformity  in  the  tests,  each  sample  was 
carefully  prepared.  This  was  done  in  such  a 
way  as  to  minimize  any  damage  to  the  grain 
surface.  The  length  was  trimmed  to  a 
constant  7,4  mm,  the  graphite  coating  was 
removed,  and  the  surface  was  polished  until 
it  was  visually  smooth. 

The  sample  was  mounted  in  the  test 
section  so  the  induced  flow  was 
perpendicular  to  the  length  of  the  grain  . 

This  relatively  simple  grain/flow  geometry 
is  used  to  gain  a  more  fundamental 
understanding  of  the  underlying  ignition 
mechanisms  of  the  propellant .  Mounting  of 
the  sample  in  the  test  section  was 
accomplished  by  drilling  a  hole  along  the 
center  axis  of  the  cylindrical  sample.  A 
stainless  steel  rod  is  inserted  through  this 
hole  and  attached  to  end  holders.  The 
difference  between  the  width  of  the  test 
section,  2.86  cm,  and  the  length  of  the 
sample,  0,74  cm,  was  occupied  by  inert 
spacers  on  either  side  so  the  flow  would 
*see*  essentially  one  long  cylinder 
stretching  across  the  entire  test  section. 
This  was  done  to  remove  any  possible  end 
effects  from  the  test. 
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CalibxatiQn  Yeata 

To  obtain  the  gas-phase  temperature  and 
velocity  of  the  convective  stream  within  the 
test  section/  two  sets  of  calibration  tests 
were  carried  out,  For  the  first  set  of 
tests /  the  Mach  number  of  the  incident  shock 
wave/  test  section  pressure  and  gas-phase 
temperature  were  measured  and  correlated. 

In  the  second  set  of  tests/  the  gas  velocity 
was  measured  and  correlated  to  the  incident 
shock  wave  Mach  number  and  test  section 
pressure.  Using  these  correlations/  the 
temperature  and  velocity  of  the  flow  in  the 
test  section  can  be  deduced  with  reasonable 
accuracy  if  the  incident  shock  wave  Mach 
number  and  test  section  pressure  are  known. 
Transport  properties  and  gas  density  were 
determined  using  deduced  gas  temperature  and 
measured  pressure  values. 

Ignition 

Two  series  of  tests  have  been  carried  out 
with  the  XM-39  propellant.  The  first  set  of 
tests  was  done  using  nitrogen  as  the  test 
gas.  There  was  no  ignition  detected  for  any 
of  these  tests  by  either  the  video  or  by  the 
photomultiplier  tubes.  The  second  set  of 
tests  was  carried  out  using  air  as  the  test 
gas.  The  conditions  for  these  tests  are 
given  in  Table  I.  This  table  lists  the 
incident  shock  wave  Mach  number/  measured 
test  section  pressure/  temperature  and  Mach 
number/  Reynolds  number/  Prandtl  number/  and 
Nusselt  number.  The  ignition  delay  time 
(tio)  and  dimensionless  ignition  delay 
{t*iD)  defined  as  tio/ (D/V)  are  also  listed. 
The  nondimensionalization  is  accomplished 
using  a  residence  time  based  on  the  diameter 
of  the  sample  and  the  velocity  of  the  flow. 
The  Nusselt  number  is  calculated  using 
the  following  formula  for  flow  over  a 
cylinder : 

Nu  -  .027  Re-805  Pr.333  (d  . 

In  many  cases /  emission  of  light  from  the 
sample  was  observed  on  the  high-speed  video 
record  of  the  transient  start-up  time. 

During  this  start-up  time,  the  shock  wave 
arrives  at  the  test  section  and  heating 
rates  are  highest.  However/  this 
'transient*  ignition  was  not  always  able  to 
sustain  burning  for  the  entire  test  time 
because  the  heating  rates  would  decrease 
with  the  onset  of  the  quasi-steady  flow 
through  the  test  section.  The  sample/  once 
quenched/  would  usually/  but  not  always/ 
reignite  later  during  the  steady-state 
convective  heating  period  and  sustain 
burning  until  the  end  of  the  test  time.  It 
is  this  second  ignition  point  which  has  been 
labeled  the  ignition  delay  tlme(tiD).  The 
ignition  delay  was  determined  through 
analysis  of  both  the  photomultiplier  output 
(100/000  data  points  per  second)  and  the 
high-speed  video  pictures  (6/000  pictures 
per  second) . 

The  ignition  sequence  was  very  similiar 
for  all  of  the  tests  in  which  ignition  was 
observed.  To  better  illustrate  the  observed 


phenomena/  the  data  and  film  obtained  from 
Test  Nos,  155  and  157  is  described  in  detail 
below . 

The  pressure  transducer  output  versus 
time  for  Test  155  is  presented  in  Fig.  3. 

The  trace  can  be  divided  into  two  sections. 
The  'transient  starting  time'  begins  with 
the  arrival  of  the  incident  shock  wave. 
Interaction  of  the  Incident  wave  with  the 
sample  and  nozzles  leads  to  pressure 
oscillations  and  turbulent  flow  conditions 
around  the  sample.  Heat  flux  to  the 
propellant  can  be  over  twice  as  large  as 
that  seen  during  the  'steady-state'  period. 
The  'steady-state  test  time'  begins  after 
about  three  or  four  milliseconds.  The  test 
section  pressure  during  this  time  does  not 
oscillate  but  does  increase  from  a  minimum 
value  of  1.45  MPa  to  a  maximum  value  of  2.00 
MPa.  This  corresponds  to  a  27%  increase  in 
pressure  over  the  duration  of  the  test. 

ThiS/  unfortunately/  is  unavoidable  so  an 
average  pressure  value  is  used  in  all 
calculations  and  in  the  presentation  of  the 
results.  Although  undesirable/  the  pressure 
value  during  the  majority  of  the  test  can  be 
considered  quasi-steady  with  tolerable 
pressure  variation. 

The  output  of  the  RCA  1P28  photo¬ 
multiplier  tube  which  first  registered 
ignition  is  shown  in  Fig.  4.  The  large 
initial  deflection  in  the  traces  corresponds 
to  the  arrival  of  the  incident  shock  wave  in 
the  test  section  (time  «  0) .  The  deflection 
of  the  photomultiplier  signal  due  to  the 
onset  of  sustained  ignition  of  the  sample  is 
seen  at  10.835  ms  (tjo) .  The  rarefaction 
wave  arrives  at  the  test  section  after 
-17.82  ms  (see  Fig.  3).  The  Intensity  of 
light  from  the  burning  sample  is  altered 
slightly  at  this  time  but  the  sample  does 
not  fully  extinguish  until  19.650  ms  after 
the  first  detection  of  pressure  rise  in  the 
test  section. 

Still  photographs  obtained  from  the  high¬ 
speed  video  for  Test  155  are  shown  in  Fig. 

5.  Backlighting  of  the  sample  was  used  and 
the  convective  stream  is  moving  from  right 
to  left.  To  provide  some  initial  perspec¬ 
tive/  Fig.  5a  is  a  pretest  picture  of  the 
sample  in  the  test  section.  The  arrival  of 
the  shock  wave  is  so  bright  that  the  video 
system  saturates  and  is  therefore  not  shown 
but  this  would  correspond  to  time  t«0. 
Thereafter  the  sample  appears  as  seen  in 
Fig.  5a  until  visible  light  can  be  seen  on 
the  top  surface  at  time,  t  *=  11.167  ms  (Fig. 
5b) .  Any  light  generated  on  the  bottom  of 
the  sample  would  be  hidden  by  the  sample 
supports.  The  more  sensitive  photo¬ 
multiplier  tube  detected  ignition  much 
earlier  at  10.835  ms.  In  Fig.  5C/ 
corresponding  to  t  -  11.500  ms,  the  reaction 
has  propagated  downstream  and  grown  in 
intensity  and  can  now  be  seen  on  the  lower 
half  of  the  sample.  Subsequent  frames  show 
increasing  light  emission  from  the  wake 
region  of  the  sample  until  eventually  the 
burning  spreads  over  the  entire  downstream 
surface  at  time  t  -  13.334  ms  (Figs.  5d  to 
5o) .  Once  the  reaction  has  covered  the 
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TABLE  I: 


Summary  of  Test  Conditions  and  Results  for  Xll-39  Solid  Fropellant  in  Air 


Test  Section 


Test  Shock  Pressure  Temperature  Reynolds  Prandtl  Nusselt  Mach  tm 


No 

Mac)l_NQL^ 

<MPa> 

IK) 

Number 

Number 

Number 

Number 

t  *Tr> 

050 

3.88 

4.16 

1420 

75942 

0.699 

203.4 

0.070 

0.00 

*0.00 

051 

3.81 

1.87 

1387 

51285 

0.705 

148.7 

0.101 

7.33 

76.8 

052 

3.76 

1. 93 

1363 

50654 

0.709 

147.5 

0.095 

5.50 

53.6 

053 

3.87 

1.90 

1415 

50538 

0.700 

147.2 

0.101 

7.27 

78.9 

055 

3.85 

1.90 

1406 

47723 

0.702 

140.1 

0.095 

9.41 

93.5 

058 

3.87 

3.02 

1415 

64032 

0.700 

177.4 

0.082 

1.50 

13.2 

059 

3.97 

2.77 

1462 

59386 

0.692 

166.3 

0.084 

3.17 

28.0 

060 

3.79 

2.70 

1377 

62976 

0.707 

175.6 

0.086 

2.82 

25.0 

061 

3.78 

2.70 

1373 

63293 

0.707 

176.3 

0.086 

3 . 17 

27.7 

062 

3.64 

2.30 

1307 

58462 

0.718 

166.2 

0.086 

5.64 

50.0 

063 

3.93 

2.50 

1443 

55985 

0.695 

158.8 

0.087 

5.17 

48.0 

064 

3.70 

2.29 

1335 

56720 

0.713 

161.9 

0.088 

3.64 

32.6 

065 

3.80 

2.07 

1429 

48720 

0.698 

142.2 

0.090 

8.59 

83.7 

067 

3 .60 

1.77 

1268 

49072 

0.720 

144.5 

0.096 

14.55 

138.7 

068 

3.58 

2.63 

1279 

66190 

0.721 

184.0 

0.086 

5.33 

45.6 

147 

3.98 

1.77 

1467 

40783 

0.691 

122.8 

0.091 

8.28 

81.2 

148 

3.37 

2.23 

1181 

64846 

0.728 

181.6 

0.090 

16.  15 

138.0 

150 

3.96 

2.05 

1457 

46622 

0.693 

136.9 

0.089 

6.63 

62.0 

152 

3.78 

1.99 

1373 

48711 

0.707 

142.8 

0.090 

14.38 

131.9 

153 

3.60 

2.04 

1288 

53013 

0.720 

153.8 

0.091 

14.65 

135.6 

15  4 

3.42 

2.08 

1204 

60649 

0.728 

172,0 

0.093 

16.01 

141.7 

155 

3.90 

1.79 

1429 

41930 

0.698 

126.0 

0.092- 

10.84 

107.3 

156 

3.75 

2.06 

1356 

51267 

0.710 

126.8 

0.092 

10.07 

96.8 

157 

3.91 

1.76 

1421 

42282 

0.697 

149.0 

0.090 

7.47 

69.2 

downstream  region  of  the  sample  it  burns  in  flame  was  at  the  90®  point. 


essentially  a  steady-state  fashion  (Fig.  5p) 
until  the  end  of  the  test  time.  The  sample 
does  continue  to  react  for  several  milli¬ 
seconds  after  the  pressure  drop  at  17.82  ms 
caused  by  the  arrival  of  the  rarefaction 
wave  as  shown  in  Fig.  3.  This  is  of  interest 
since  it  shows  the  attainment  of  self- 
sustained  ignition. 

In  order  to  better  analyze  the  phenomena 
seen  in  Test  155,  closeup  video  was  taken  of 
Tests  156  and  157 .  The  still  photographs 
from  Test  157  are  shown  in  Fig.  6.  Of 
particular  interest  is  the  region  of  the 
initial  location  of  the  emitted  light  and 
the  subsequant  spreading  of  the  reaction. 
Fig.  6a  shows  first  visible  light  in  a 
region  95®  to  100®  from  the  leading  edge  of 
the  cylinder.  In  Fig.  6b  the  reaction 
propagates  forward  nearly  reaching  the  top 
of  the  sample  (90®  from  the  leading  edge) 
while  it  grows  in  intensity.  In  subsequant 
frames  the  reaction  zone  moves  forward  and 
recedes  in  an  oscillatory  fashion  (Figs.  6c 
to  6f) .  The  reaction  settles  into  a  steady- 
state  position  near  the  top  of  the  sample 
(Figs.  6g  and  6h) .  In  Fig.  6i  the  reaction 
can  be  seen  propagating  towards  the  rear 
surface  of  the  sample.  Following  this  the 
reaction  dies  out  and  the  test  ends. 

Because  of  the  change  in  optical  path  to  the 
camera,  more  light  is  apparently  required  by 
the  closeup  pictures  and  therefore  the 
intensity  of  the  reaction  as  seen  in  Fig.  5 
is  not  as  apparent.  For  test  156,  which  was 
run  at  higher  pressure,  the  luminous  region 
of  the  flame  propagated  further  past  the  top 
of  the  sample  toward  the  front  stagnation 
point  and  the  steady-state  position  of  the 


Microscopic  analysis  of  propellant 
following  the  tests  was  carried  out  to 
examine  what  effect  the  burning  (or  lack  of 
burning)  had  on  the  sample  surface^  Under 
SOX  magnification,  it  was  quite  evident  that 
a  liquid  or  *melt'  layer  had  formed  on  the 
sample  surface  (Fig.  7) .  At  the  front 
stagnation  point,  the  surface  is  slightly 
pitted  and  many  small  particles  from  the 
shock  tunnel  burst  diaphragm  become  imbedded 
in  the  *melt’  layer  (pos.  1).  Between  30® 
and  45®  from  the  leading  edge,  small  wave 
formations  appear  on  the  surface  (Fig  7a) . 
These  wave  formations  have  very  small  length 
scales  which  grow  as  one  travels  toward  the 
location  90®  from  the  leading  edge  (Fig. 

7b)  .  Just  beyond  the  90®  point,  there  is  a 
large  agglomeration  of  liquid  on  the  surface 
(Fig.  7c).  The  position  of  this  liquid 
formation  coincides  very  well  with  the 
location  of  first  reaction  as  seen  on  the 
video.  A  second  agglomeration  which  is 
slightly  smaller  than  the  one  at  -95®  can  be 
seen  at  -105®  from  the  leading  edge  (pos. 

5) .  The  back  surface  and  rear  stagnation 
point  of  the  sample  is  fairly  smooth  and 
free  of  particles  (pos.  6  and  7).  The  only 
easily  distinguishable  difference  between 
the  burned  and  unburned  samples  is  the 
coloring.  Burned  samples  exhibit  a  darker 
shade  of  yellow/white  (particularly  on  the 
downstream  side  of  the  sample  and  at  the 
agglomeration  points)  while  the  unburned 
samples  are  more  close  to  the  original 
white.  Unfortunately  this  cannot  be  seen  in 
the  photographs  because  of  the  lighting 
used. 
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Figure  3: 


Typical  test  section 
pressure  versus  time 
trace  (Test  155) 


Figure  4:  Typical  photomultiplier 
output  versus  time  trace 
(Test  155) 


Diacussion 

A  goal  of  this  project  is  to  examine 
possible  correlations  between  the  ignition 
delay  time  and  nondimens ional  parameters 
involved  in  the  convective  ignition  process. 
Previously,  a  correlation  based  on  an 
average  Nusselt  number  was  attempted. 
Presented  here  is  an  improved  correlation  of 
dimensionless  ignition  delay  (t*io)  as  a 
function  of  a  dimensionless  heat  transfer 
rate  (Q*)  with  the  influence  of  free-stream 
temperature.  Q*  is  defined  as: 


Q*  =  Nu 


Cr--480K) 
298  K 


(2). 


The  value  of  480  K  was  chosen  as  a  surface 
temperature  because  it  is  close  to  the 
melting  or  liquefaction  temperature  for  RDX 
quoted  in  much  of  the  literature. 4  The 
correlation  is  shown  plotted  in  Fig  8. 

For  the  data  taken  at  relatively  high 
values  of  0*,  ignition  took  place  during  the 
*  transient  start-up  time'  or  followed  this 
time  very  closely.  The  equation  of  the 
correlation  for  these  data  points  is: 

263.0- 0.440  Q*  .3. 


As  the  value  of  Q*  is  reduced,  ignition 
would  occur  much  later  during  the  test .  The 
equation  for  the  best  fit  of  this  data  is: 

4  =  799.6-  1.611  Q*  ^4,, 

The  dashed  line  on  the  plot  represents  the 
95%  confidence  ranges  for  convective 
ignition.  As  was  expected,  and  further 
validated  by  the  slope  break  in  the 
correlation,  the  ignition  characteristics  of 
the  propellant  during  the  start-up  of  the 
test  are  significantly  different  from  those 
observed  during  the  steady-state  or  quasi¬ 
steady  test  time. 

During  the  start-up  time,  heat  flux  to 
the  sample  is  very  large  because  of  incident 
shock  wave  interactions,  flow  reversals  and 
turbulent  flow  conditions  around  the  sample. 
Because  of  these  complexities,  interpret¬ 
ation  of  data  obtained  during  this  highly 
transient  period  is  very  difficult. 
Fortunately,  this  period  of  time  is  very 
brief  and  the  thermal  profile  in  the  sample 
is  quite  thin.  When  the  high  heat  flux 
period  ends,  the  thermal  profile  can  adjust 
quickly  to  the  new  ambient  heating 
conditions.  For  self-sustained  ignition  to 
occur,  the  heat  feedback  from  the  reaction 
zones  must  be  able  to  maintain  the  the 
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t  «  12.334  ms  m,  t  =  13.000  ms 


t  =  11,667  ms 


a,  pretest  image  e. 


t  =  13,167  ms 


d.  t  -  11.500  ms  h.  t  «  12.167  ms  1.  t  =  12.834  ms  p.  t  =  14.334  ms 

Figure  5 :  Photographs  of  shock  tunnel  convective  ignition  Test  155 

flw 


I 

t  «  12.500  ms  I 


t  ®  10,834  ms 


-  12,500  ms 


c.  t  «  10,334  ms  f,  t  «  11.667  ms  i.  t  “  12.833  ms 

Figure  6:  Photographs  of  shock  tunnel  convective  ignition  Test  157 
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b,  Wave  patterns  on  sample  surface  (pos,  3) 

Figure  7:  Microscopic  photographs  of  sample  surface  (Test  No.  147) 


thermal  energy  input  into  the  sample  when 
the  external  heat  source  is  lowered. 

Once  the  steady-state  test  period  has 
begun/  the  flow  approaching  the  sample  is 
laminar  and  the  heat  flux  is  much  lower  than 
in  the  initial  transient  period,  The 
existence  of  uniform  free-stream/  conditions 
which  can  be  determined/  provide  a  means  of 
properly  analyzing  the  data .  From  the 
correlation  presented  in  Fig.  8/  it  is  very 
obvious  which  samples  were  ignited  by  the 
high  heating  rates  during  the  transient 
start-up  time  (Eqn.  3)  and  which  were 
ignited  by  the  uniform  conditions  of  the 
nearly  steady-state  portion  of  the  test 
(Eqn,  4), 

The  mechanism  by  which  nitramine 
propellants  ignite  when  subjected  to 
crossflow  heating  conditions  is  very 
complex.  There  are  three  phases  involved 
and  the  nature  of  each  is  not  well 
understood.  The  liquid  layer  observed  on 
the  propellant  surface  could  simply  be 
melted  ingredients  of  solid  propellant  or  it 
could  be  a  source  of  reacting  material  which 
is  important  to  the  ignition  process.  From 


the  literature  this  ^melting*  has  been 
observed  many  times  but  the  actual  com¬ 
position  of  it  is  still  open  to  argument. 
Discussed  in  the  following  paragraphs  are 
several  important  characteristics  which  have 
been  observed  and  are  important  to  the 
ignition  process. 

The  geometry  of  the  sample  allows 
examination  of  different  flow  regimes.  Each 
of  these  regimes,  numbered  in  Fig.  1,  will 
be  discussed  separately.  Position  1 
corresponds  to  the  stagnation  point  on  the 
sample.  At  this  point  heatina  to  the  solid 
surface  is  relatively  high  compared  to  the 
remainder  of  the  sample.  Liquefaction  and 
generation  of  gaseous  pyrolysis  products 
probably  occurs  in  this  region.  Both  the 
liquid  and  gases  generated  are  carried  into 
region  2  which  includes  laminar  boundary 
layer  development  and  the  beginning  of  the 
transition  region.  Gas-phase  reactions  and 
possibly  liquid-phase  reactions  could  occur 
with  heat  feedback  which  generates  more 
reactions  within  the  two-film  boundary  layer 
and  causing  more  liquefaction  of  the  solid 
sample.  Possibly  important  to  this  process 
is  the  amount  of  freestream  oxidizer  which 


a.  Wave  patterns  on  sample  surface  (pos,  2) 


c.  Agglomeration  of  liquid  (pos.  4) 
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Figure  8:  Correlation  of  Dimensionless  Ignition  Delay  with  Dimensionless  Heat  Flux 


is  entrained  in  the  gaseous  boundary  layer. 

Boundary  layer  transition  to  turbulence 
begins  around  position  3/  the  transition 
could  be  facilitated  by  the  accumulation  of 
liquid  in  the  melt  layer.  Wave  patterns  on 
the  recovered  sample  indicate  the  flow  of 
liquid  toward  position  4.  At  position  4, 
the  gaseous  boundary  layer  separates.  Upon 
separation,  a  small  recirculation  zone  is 
formed  in  both  the  liquid  and  gaseous 
boundary  layers.  Experimental  evidence 
suggests  the  flow  of  material  from  the  front 
of  the  sample  and  reverse  flow  from  the  rear 
of  the  sample  (position  5)  increase  the 
liquid  layer  thickness  near  the  small 
recirculation  zone.  This  growth  of  both 
boundary  layers  leads  to  the  agglomeration 
of  the  liquid  layer  seen  in  Fig.  7c.  The 
recirculation  zones  have  high  residence 
times  and  enough  mixing  of  freestream 
oxidizer  and  pyrolysis  products  to  generate 
ignition.  It  is  believed  that  reactions 
between  gaseous  pyrolysis  products  generated 
at  the  front  and  rear  surfaces  of  the  sample 
react  with  freestream  oxidizer  in  the 
gaseous  recirculation  zone.  Heat  feedback 
to  the  liquid  and  solid  layers  generates 
further  pyrolysis  gases  which  subsequantly 
react  until  thermal  runaway  occurs  and  the 
sample  ignites.  The  exact  nature  of  the 
liquid  layer  and  its  role  in  the  ignition 
process  is  unknown  but  it  should  not  be 
ignored  in  the  comprehensive  understanding 
of  the  problem. 

On  the  rear  surface  of  the  sample, 
positions  6  and  7,  large  recirculation  zones 
create  a  stagnation  point  and  laminar 
boundary  layer  which  generate  pyrolysis 
products  and  supply  additional  reactant 
species  to  the  reaction  zone.  The 
interaction  of  the  large  recirculation  zone 
with  the  small  one  is  at  position  5.  Near 
this  position  another  agglomeration  of 
liquid  is  formed.  The  gaseous  products 
generated  along  the  rear  surface  contribute 


to  the  ignition  and  combustion  processes. 

As  perceived  from  this  study,  the  overall 
physical  and  chemical  processes  involved  in 
convective  ignition  of  a  cylindrical  XM-39 
solid  propellant  grain  is  depicted  in  Fig. 

9. 

Conclusions 

The  following  conclusions  about  the 
convective  ignition  of  XM-39  propellant  can 
be  reached  based  on  the  results  obtained  and 
discussed  above; 

1.  Convective  ignition  and  flame  spreading 
phenomena  of  XM-39  solid  propellant  has 
been  successfully  observed  using  a  shock 
tunnel  facility. 

2.  From  observation,  the  sample  surface  can 
reach  ignition  due  to  incident  and 
reflected  shock  wave  heating  during  the 
transient  start-up  time  of  the  test. 

The  heating  is  very  intense  but  very 
short  in  duration.  However,  if  the 
thermal  profile  during  this  period  is 
too  thin  to  achieve  self-sustained 
ignition,  subsequant  ignition  could 
occur  during  the  nearly  steady-state 
operating  time. 

3.  Microscopic  analysis  of  recovered 
propellant  samples  shows  the  formation 
of  a  liquid  layer.  The  composition  of 
this  liquid  and  it  importance  to  the 
ignition  process  is  still  unkown  and 
should  be  studied  further. 

4.  Sustained  convective  ignition  occurs  in 
the  region  near  the  separation  point  of 
the  boundary  layer.  Gas  phase  reactions 
in  the  ignition  process  of  XM-39 
propellant  are  important.  Without 
freestream  oxygen  no  ignition  was 
observed. 

5.  During  the  test  in  which  ignition  was 
observed,  the  flame  propagates  from  the 
shoulder  region  to  the  rear  stagnation 
point.  The  sample  acts  as  a  flame 
holder;  in  the  wake  region  the  local 
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Figure  9;  Major  Physical  and  Chemical 
Cylindical  Solid  Propellant 


flow  velocity  is  reduced  and  the  flame 
can  sustain. 

6.  The  luminous  flame  mostly  remained  on 
the  downstream  side  of  the  sample  in  the 
recirulating  wake.  However^  as  the  test 
chamber  pressure  was  increased^  the 
luminous  flame  could  propagate  upstream 
toward  shoulder  region  of  the  sample. 
This  is  believed  to  be  an  effect  of  the 
higher  heating  rates  to  the  front  of  the 
sample  caused  by  the  higher  pressures. 

7.  A  correlation  between  the  dimensionless 
ignition  delay  time  and  a  dimensionless 
heat  transfer  rate  has  been  found. 
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CONVECTIVE  IGNITION  OF  LOVA  PROPELLANTS* 

S.J.  Ritchie#,  W.H.  HsiGh§,  and  K,K,  Kuot 
Oepartment  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

ABSTRACT 

Crossflow  convective  ignition  tests  of  ROX-based  LOVA  solid  propellant  were  carried  out 
in  air  and  nitrogen  using  a  shock  tunnel  facility.  Test  conditions  were  in  the  range  of 
pressure;  1.38  -  3.45  MPa  <200  -  500  psia),  temperature:  1100  -  1500  K  (1980  -  2700®R)  and 
flow  velocity:  60  -  150  m/s  (197  -  492  ft/s).  Under  these  conditions,  ignition  was  observed 
at  or  very  near  the  sample  surface  in  the  region  just  beyond  the  gaseous  boundary  layer 
separation  point  only  when  oxidizer  was  present  in  the  freestream  flow.  Ignition  delay  time, 
determined  using  a  multi-channel  photomultiplier  tube  detection  system,  was  correlated  to  a 
dimensionless  convective  heat  flux  calculated  using  the  flow  conditions  over  the  test  sample. 
Post-test  microscopic  analysis  of  samples  indicated  the  formation  of  an  apparent  liquid  layer 

on  the  sample  surface  which  grows  in  thickness  near  the  flow  separation  location.  The 

existence  of  numerous  near-circular,  crater-like  holes  was  detected  using  scanning  electron 
microscopy.  The  rims  of  these  holes  exhibit  surface  reactions  and  phase  changes.  The 

physical  interactions  between  the  flow  and  the  test  sample  are  discussed  in  detail  to  provide 

insight  into  the  complex  ignition  process.  Overall,  the  ignition  mechanism  is  believed  to  be 
gas-phase  in  nature  rather  than  a  surface  reaction  mechanism. 

INTROOUCTION 

Of  interest,  in  recent  years,  are  solid  propellant  formulations  based  on  nitramine 
ingrediants  such  as  ROX  and  HMX.  These  materials  display  high  thermal  stability  and  low 
sensitivity  to- .ballistic  vulnerability  making  them  ideal  candidates  for  low  vulnerability 
ammunition  (LOVA)  propellants.  Related  to  the  LOVA  characteristic  of  nitramine-based 
propellants,  is  the  problem  of  achieving  consistent  ignition  when  it  is  desired.  An  under¬ 
standing  of  the  complex  physicochemical  processes  which  characterize  the  ignition  transient 
is  necessary  if  safe,  reliable  igniters  are  to  be  designed  for  propulsion  systems  which  use 
these  propellant  types. 

The  purpose  of  this  paper  is  to  present  the  experimental  results  of  an  ignition  study  on 
ROX-based  LOVA  solid  propellants  when  subjected  to  convective  heating  by  a  uniform  high  temp¬ 
erature,  high  pressure  gas  stream.  The  test  geometry  is  a  solid  propellant  cylinder 
subjected  to  perpendicular  crossflow.  Although  laser  radiative  tests  provide  greater  control 
over  heat  flux  input  and  other  parameters  such  as  ambient  pressure,  the  convective  ignition 
test  is  more  closely  related  to  the  actual  ignition  process  used  in  many  gun  systems  where 
propellant  ignition  is  obtained  via  hot  gases  from  the  igniter.  It  is  hoped  the  fundamental 
information  gathered  from  this  study  of  the  complex  ignition  processes  in  a  relatively  simple 
flow  field  can  be  later  used  to  better  understand  and  predict  the  ignition  response  of  ROX- 
based  propellant  in  more  practical  combustion  or  propulsion  scenarios.  Background 
information  on  nitramine  propellant  ignition  and  combustion  applicable  to  this  program  can  be 
found  in  earlier  papers  by  Ritchie  et  al.^'^ 

The  experimental  objectives  are  to  (1)  visually  examine  the  convective  ignition 
phenomenon  and  subsequant  flame  spreading  of  RDX-based  XM-39  propellant  using  high-speed 
video  photography,  (2)  measure  ignition  delay  (based  on  light  emission  from  the  sample)  and 
examine  possible  correlations  to  convective  flow  parameters  and  (3)  microscopically  examine 
recovered  propellant  samples  to  determine  the  heating  and  burning  effects  on  sample  surfaces. 
The  goal  of  this  paper  is  to  use  the  above  observations  and  data  to  identify  important 
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processes  Involved  in  the  ignition  of  XM-39  LOVA  propellant.  This  Insight  will  provide 
guidelines  for  eventual  theoretical  model  development. 

METHOD  OF  APPROACH 

SHOCK  TUNNFT./CONVECTIVE  IGNITION  TEST  FACILITY 

A  more  detailed  discussion  of  the  shock  tunnel  facility  can  be  found  in  Ritchie  et 
al,^*2^  Birk^,  Kashiwagi^ ,  Very  briefly,  the  shock  tunnel  is  used  to  create  a  reservoir  of 
high-temperature,  high-pressure  gas  which,  in  turn,  induces  a  flow  through  the  test  section 
and  across  the  sample.  The  test  section,  a  cross-section  side  view  is  shown  in  Fig.  1,  is  a 
2.86  cm  X  2.86  cm  (1.125  in.  x  1.125  in.)  square  duct.  Quartz  windows  located  on  the  top  and 
sides  of  the  test  section  (side  windows  not  shown  in  the  figure)  provide  optical  access. 
Perforated  plates  are  located  at  both  the  upstream  entrance  and  downstream  exit.  The 
downstream  exit  plate  acts  as  a  nozzle  which  chokes  the  flow  and  controls  the  gas  velocity 
through  the  test  section.  The  upstream  perforated  plate  is  used  to  damp  out  initial  pressure 
oscillations  caused  by  the  interaction  of  the  Incident  shock  wave  with  the  sample  and  to 
protect  the  tejt  sample  from  large  pieces  of  burst  diaphragm  debris. 

Rber  Optici  to 
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Figure  1:  Cross-sectional  side  view  of  test  section 

Through  control  of  the  areas  open  to  the  flow  on  both  the  upstream  perforated  plate  and 
downstream  nozzle,  the  initial  driver  gas  to  driven  gas  pressure  ratio  and  the  initial 
pressure  in  the  driven  section,  the  shock  tunnel  is  capable  of  producing  a  wide  range  of  test 
conditions:  pressures  of  1.03  -  4.14  MPa  (150  -  600  psia),  temperatures  of  950  -  1500  K 
(1710  -  2700  ®R) ,  and  velocities  of  60  -  250  m/s  (197  -  020  ft/s).  These  values  were 
measured  in  separate  calibration  tests  using  an  LDV  system  and  a  shielded  thermocouple.  The 
major  limitation  of  the  shock  tunnel  facility  is  the  test  time  available.  The  maximum  time 
available  is  -18  ms  but  for  most  flow  conditions  the  Ignition  delay  time  is  much  shorter. 

Diagnostics  for  Ignition  tests  include:  pressure  transducers  along  the  shock  tunnel 
driven  section  to  detect  the  shock  wave  arrival  at  fixed  locations  from  which  the  incident 
shock  wave  speed  is  deduced,  a  pressure  transducer  located  in  the  test  section  upstream  of 
the  sample  (see  Fig.  1),  and  five  filtered  RCA  1P28  photomultiplier  tubes  which  measure  light 
intensity  in  the  near  ultraviolet  centered  around  0.3700  pm  are  used  remotely  via  fiber  optic 
tubes  (see  Fig.  1)  to  measure  ignition  delay.  High-speed  visualization  is  accomplished 
through  side  windows  using  a  high-speed  Kodak  Spin  Physics  SP2000  video  system  with 
backlighting  of  the  sample. 

TFST^SAMPLF 

The  propellant  used  for  this  study  was  XM-39  (Lot  ♦A5-1104-113)  which  contains  a 
significant  amount  of  RDX,  The  grain  geometry  is  cylindrical  in  shape  with  a  nominal 
diameter  of  0.7  cm  (.275  in.)  and  length  of  0.74  cm  (.291  in,).  The  condition  of  the  samples 
was  not  uniform  for  ail  tests:  the  diameter  was  not  constant  from  grain  to  grain,  the  shape 
of  individual  samples  was  never  a  perfect  cylinder  and  the  surface  was  pitted  and  graphite 
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coated.  In  order  to  try  and  rnaintain  more  uniformity  In  the  tests,  each  propellant  grain  was 
trimmed  to  a  constant  iength  of  0.74  cm  (.291  in.),  the  graphite  coating  was  removed,  and  the 
surface  was  polished  until  it  was  visually  smooth. 

The  sample  was  mounted  In  the  test  section  with  the  induced  flow  perpendicular  to  the 
length  of  the  grain.  Mounting  was  accomplished  by  drilling  a  hole  along  the  center  axis  of 
the  cylindrical  sample.  A  stainless  steel  rod  is  inserted  through  this  hole  and  attached  to 
end  holders.  The  difference  between  the  test  section  width  ,  2.86  cm  (1.125  in.),  and  the 
sample  length  is  occupied  by  inert  spacers  on  both  sides  so  the  flow  would  'see'  essentially 
one  long  cylinder  stretching  across  the  entire  test  section.  This  was  done  to  try  and 
minimize  end  burning  effects  from  the  test. 


RESULTS 

Two  sets  of  tests  have  been  carried  out  with  XM-39  LOVA  propellant.  The  first  used 
nitrogen  as  the  test  gas  in  the  low  velocity  range  of  the  shock  tunnel,  -'SS  m/s  (213  ft/s)  . 

No  ignition  or  luminous  flame  was  detected  for  these  tests  by  either  the  video  or  the 
photomultiplier  tubes.  The  second  set  was  carried  out  in  the  same  velocity  range  using  air 
as  the  test  gas.  The  conditions  for  the  second  set  of  tests  is  given  in  Table  I.  This  table 
lists  the  incident  shock  wave  Mach  number,  measured  test  section  pressure,  temperature,  Mach 
number,  Reynolds  number,  Prandtl  number,  Nusselt  number,  ignition  delay  time  (tip)  and 
dimensionless  ignition  delay  (t*i[))  .  t*io  is  defined  as  tip/CD/V);  it  represents  the  ratio 
of  ignition  delay  time  to  the  flow  residence  time  based  on  the  sample  diameter  and  the 
approach  velocity.  .The  Nusselt  number^  is  calculated  using  the  following  formula  for  flow 
over  a  cylinder: 

lOi  .332 
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In  many  cases,  light  emission  from  the  sample  was  detected  very  early  (<  3  ms]  during  the 
shock  tunnel  transient  start-up  time.  During  this  start-up  time,  the  shock  wave  arrives  at 
the  test  section  and  heating  rates  are  highest.  However,  this  'transient*  Ignition  was  not 
always  able  to  sustain  burning  for  the  entire  test  time  because  the  heating  rates  decrease 
sharply  with  the  onset  of  the  quasi-steady  flow  through  the  test  section.  The  sample,  once 
quenched,  would  usually,  but  not  always,  relgnite  later  during  the  steady-state  convective 
heating  period  and  sustain  burning  until  the  end  of  the  test  time.  It  is  this  second 
ignition  point  which  has  been  labeled  the  ignition  delay  time(tlD) .  The  ignition  delay  was 
determined  through  analysis  of  both  the  photomultiplier  tube  output  (100,000  data  points  per 
second)  and  the  high-speed  video  pictures  (6,000  pictures  per  second) , 

The  sequence  of  events  was  very  similiar  for  all  tests  in  which  ignition  was  observed. 
These  observations  have  been  well  documented  previously^' ^  so  onlys  a  brief  description  is 
given  here.  Figure  2  contains  pressure  vs,  time  (Fig.  2a)  and  photomultiplier  tube  output 
vs.  time  (Fig.  2b)  plots  as  well  as  photographs  taken  from  the  high  speed  video  showing  the 
location  where  first  visible  light  is  observed  (Fig.  2c) . 

The  pressure-time  trace  can  be  divided  into  two  sections.  The  'transient  starting  time* 
begins  with  the  incident  shock  wave  arrival.  Interaction  of  the  incident  wave  with  the 
sample  and  nozzles  leads  to  pressure  oscillations  and  turbulent  flow  conditions  around  the 
sample.  In  the  subsequant  *quasi-steady  test  time*,  the  pressure  does  not  oscillate  but 
slowly  increases  from  a  minimum  value  of  1.45  MPa  (210  psia)  to  a  maximum  value  of  2,00  MPa 
(290  psia).  This  corresponds  to  a  27%  increase  in  pressure  over  the  test  duration.  This 
variation,  unfortunately,  is  unavoidable  so  an  average  pressure  value  is  used  in  all 
calculations  and  in  the  presentation  of  results.  Although  undesirable,  the  pressure  value 
during  the  majority  of  the  test  can  be  considered  quasi-steady  with  tolerable  variations. 

The  large  initial  deflection  in  the  photomultiplier  trace  corresponds  to  the  incident 
shock  wave  arrival  in  the  test  section  (time  -  0) .  The  deflection  in  the  photomultiplier 
signal  due  to  the  onset  of  sustained  ignition  is  seen  at  10.835  ms  (tjp) .  The  rarefaction 
wave  arrives  at  the  teat  section  after  -17.82  ms.  The  light  intensity  from  the  burning  is 
altered  slightly  at  this  time  but  the  sample  does  not  completely  extinguish  until  19,650  ms 
after  the  first  pressure  rise  in  the  test  section. 


TABLE  I: 


Summary  of  Test  Conditions  and  {Results  for  XH-39  Solid  Propellant  in  Air 


Data  Set  Two 

Test  Section 


Test 

No 

Shock 
ilac)LNo . 

Pressure 

MPa _ rnsial 

Temperature 
_ (R) _ 

Reynolds 

Number 

Prandtl 

Number 

Nusselt 

Number 

Mach 

Number 

tID 

t*ID 

050 

3.88 

3.79 

(550) 

1430 

(2556) 

71441 

0.699 

193.5 

0.071 

0.00 

0.00 

051 

3.81 

1.72 

(250) 

1385 

(2493) 

43376 

0.705 

129.9 

0.094 

7.33 

76.8 

053 

3.87 

1.72 

(250) 

1415 

(2547) 

41506 

0.700 

125.1 

0.094 

7.27 

78.9 

055 

3.85 

1.59 

(230) 

1405 

(2529) 

40004 

0.702 

121.6 

0.096 

9.41 

93.5 

056 

3.92 

1.64 

(238) 

1440 

(2592) 

39698 

0*696 

120.4 

0.095 

None 

— 

058 

3.87 

2.78 

(403) 

1415 

(2547) 

59061. 

0.700 

166.2 

0.082 

1.50 

13.2 

059 

3.97 

2.56 

(371) 

1460 

(2628) 

54877 

0.692 

153.7 

0*084 

3.17 

28.0 

060 

3.79 

2.49 

(361) 

1375 

(2475) 

58122 

0.707 

164.6 

0.086 

2.82 

25.0 

061 

3.78 

2.49 

(361) 

1375 

(2475) 

59058 

0.707 

166.8 

0.086 

3.17 

27.7 

062 

3.64 

2.34 

(340) 

1305 

(2349) 

59667 

0.718 

168.9 

0.088 

5.64 

50.0 

063 

3.93 

2.32 

(337) 

1445 

(2601) 

51066 

0.695 

147.5 

0.087 

5.17 

48.0 

064 

3.70 

2.34 

(340) 

1335 

(2403) 

58309 

0.713 

165.4 

0.089 

3.64 

32.6 

065 

3 .90 

2.03 

(294) 

1430 

(2574) 

45987 

0*698 

135.  7 

0.090 

8.59 

83.7 

066 

3.41 

2.32 

(337) 

1200 

(2160) 

65898 

0.728 

184.0. 

0.091 

11.46 

100.6 

067 

3.60 

1*79 

(260) 

1270 

(2286) 

48929 

0.720 

144.1 

0.094 

14.55 

138.7 

068 

3.58 

2.65 

(385) 

1280 

(2304) 

65775 

0.721 

183.1 

0*085 

5.33 

45.6 

145 

3.80 

1.03 

(150) 

1340 

(2412) 

29905 

0.712 

96.  6 

0.103 

None 

— 

146 

3.75 

1.86 

(270) 

1360 

(2448) 

48305 

0.710 

142.0 

0.093 

None 

— 

147 

3.98 

1.86 

(270) 

1465 

(2637) 

42716 

0.691 

127.5 

0.091 

6.28 

54.4 

148 

3.37 

2.41 

(349) 

1180 

(2124) 

69814 

0.728 

192.7 

0.090 

13.59 

115.9 

149 

4.02 

1.31 

(190) 

1435 

(2583) 

33664 

0.697 

105*6 

0.099 

None 

— 

ISO 

3.96 

2.13 

(309) 

1455 

(2619) 

48587 

0.693 

141.6 

0.089 

4.91 

46.0 

151 

3.86 

2.13 

(309) 

1410 

(2538) 

50089 

0.701 

145.6 

0.089 

3.87 

35. 9 

153 

3.60 

2.13 

(309) 

1290 

(2322) 

55726 

0.720 

160.0 

0.091 

13.04 

121.9 

154 

3.42 

2.13 

(309) 

1205 

(2169) 

62743 

0.728 

176.9 

0.093 

15.40 

137.8 

156 

3.91 

1.86 

(270) 

1430 

(2574) 

45019 

0.697 

133.4 

0.092 

8.61 

83.0 

157 

3.75 

2*13 

(309) 

1355 

(2439) 

53424 

0*710 

154  .0 

0.090 

7.30 

67.6 

158 

3.93 

2.41 

(349) 

1445 

(2601) 

53525 

0.695 

153.2 

0.086 

3.06 

28.1 

159 

3.81 

2.41 

(349) 

1385 

(2493) 

55952 

0.705 

159.5 

0*087 

5.30 

48.1 

160 

3.75 

2.41 

(349) 

1360 

(2448) 

57511 

0.710 

163.4 

0.087 

6.83 

60.3 

161 

3.60 

2.41 

(349) 

1290 

(2322) 

61592 

0.720 

173.5 

0.088 

12.07 

105.0 

162 

3.40 

2.41 

(349) 

1195 

(2151) 

67442 

0.728 

187.5 

0.090 

15.52 

134.3 

163 

3.79 

1.86 

(270) 

1375 

(2475) 

46963 

0.707 

138.7 

0*093 

10.55 

100.6 

164 

3.58 

1.86 

(270) 

1280 

(2304) 

51827 

0.721 

151.1 

0.095 

15.61 

147.1 

165 

4  .22 

1.59 

(230) 

1565 

(2817) 

35472 

0.685 

131.9 

0.095 

7.41 

75.2 

166 

3.74 

1.59 

(230) 

1355 

(2439) 

40808 

0*710 

127.6 

0.096 

12.66 

124.2 

Shown  in  the  high  speed  images  are,  the  propellant  sample  at  three  different  times:  (1) 
prior  to  the  test  (t*»0-),  (2)  after  a  luminous  region  is  first  observed  at  a  location 
approximately  +  90®  from  the  leading  edge  (t«11.334  ms> ,  and  (3)  after  flame  spreading  has 
covered  the  downstream  surface  (t*13*334  ms) ♦  The  convective  stream  is  moving  from  right  to 
left  in  all  pictures. 

Photographs  from  an  optical  microscopic  study  (magnification  »  SOX)  of  a  recovered 
propellant  sample  are  shown  in  Fig*  3.  A  detailed  description  of  each  photograph  is  given 
due  to  the  limited  resolution  of  the  reproduction.  At  the  front  stagnation  point,  position 
A,  the  surface  is  slightly  pitted  and  many  small  particles  from  the  shock  tunnel  burst 
diaphragm  are  imbedded  in  the  surface  layer.  Between  30®  and  45®  from  the  leading  edge  at 
location  B,  small  wave  formations  appear  on  the  surface  indicating  the  formation  of  a  liquid 
*melt*  layer.  The  wave  formations  could  be  created  by  bubble  formation  and  the  complex  flow 
structure  on  the  propellant  surface  or  it  could  be  due  to  the  existence  of  some  freestream 
turbulence  generated  by  the  upstream  perforated  plate.  These  wave  formations  grow  in  size 
between  45®  and  90®  from  the  leading  edge  at  location  C.  Just  beyond  the  90®  point  at  region 
D,  there  is  a  large  liquid  agglomeration  on  the  surface.  The  position  of  this  liquid 
formation  coincides  very  closely  to  the  first  reaction  location  as  seen  on  the  video. 

Although  it  is  not  easily  discernible  in  the  photographs,  there  are  many  bubbles  entrained 
within  this  agglomeration.  A  second  agglomeration  which  is  slightly  smaller  than  the  one  at 
-95®  can  be  seen  at  -105®  from  the  leading  edge  in  region  E.  The  back  surface  (region  F)  and 
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Figure  2a;  Typical  test  section  pressure 
versus  time  trace  (Test  155)  , 


Figure  2b:  Typical  test  section  photo¬ 
multiplier  tube  output  versus 
time  trace  (Test  155)  , 


Figure  2c:  High-speed  video  images  from  a  typical  convective  ignition 
test  firing  (Test  155) 

rear  stagnation  point  (region  G)  are  similiar  to  the  front  surface  only  free  of  particles  and 
shoe);  tunnel  debris.  The  only  easily  distinguishable  difference  between  the  burned  and 
unburned  samples  is  the  coloring*  Burned  samples  exhibit  a  dar)cer  shade  of  yellow/white 
(particularly  on  the  downstream  side  and  at  the  agglomeration  points)  while  the  unburned 
samples  more  closely  resemble  the  original  white  coloring  of  the  propellant.  Unfortunately 
this  is  only  distinguishable  under  actual  viewing  conditions  and  is  not  clearly  visible  in 
the  photographic  representation. 

A  scanning  electron  microscope  (SEM)  was  used  to  examine  the  sample  surface  under  even 
higher  magnification.  These  photographs  are  shown  in  Fig.  4.  The  first  two  pictures  show  a 
pretest  propellant  surface  (Fig.  4a  and  4b) .  The  surface,  although  it  had  been  polished,  is 
actually  quite  rough  when  examined  under  very  high  magnification  (I600X) .  The  next  series  of 
photographs  are  of  a  sample  which  has  ignited  under  convective  heating  conditions.  The 
letter  associated  with  each  photograph  corresponds  to  the  general  area  highlighted  in  Fig.  3. 
Note:  the  area  covered  by  the  photograph  does  not  correspond  to  the  area  of  the  square  box 

on  the  top  view  of  the  sample  in  Fig.  3  and  the  magnification  used  for  each  photograph  is  not 
the  same.  The  magnification  was  chosen  to  highlight  particular  structures  on  the  sample 
surface , 

Figures  4c  shows  the  front  stagnation  region  A.  The  surface  in  this  region,  and  over  the 
entire  propellant  surface,  is  very  rough  with  many  rice-li)ce  structures  which  have  an 
approximate  diameter  of  4  pm.  Scattered  randomly  about  this  region  are  small  circular  holes, 
often  appearing  in  small  groups.  Further  along  the 'sample,  in  region  B,  the  surface  appears 
similiar  to  the  stagnation  region  (see  Fig  4d) .  However,  the  surface  structures  are  less 
independent  and  appear  to  have  agglomerated  into  larger  clumps.  There  are  still  holes  in  the 
surface  but  these  do  not  appear  as  frequently  as  in  the  front  stagnation  zone. 


Each  photo9r4ph  covers 
a  .50  mm  x  .50  mm  area 
(-'.020  in.  X  .020  in.) 


At  position  D,  where  the  large  agglomeration  forms  on  the  sample  surface,  Fig.  4g  clearly 
shows  a  change  in  the  surface  structure.  At  the  ridge  of  the  agglomeration  the  individual 
rice-like  shapes  have  become  very  closely  grouped  and  have  apparently  'melted*  together. 

Again  there  are  circular  holes  located  in  close  proximity  to  the  ridge  region  but  not  in 
large  quantities.  Just  downstream  from  the  agglomeration  region,  near  B,  there  is  a  very 
densely  packed,  large  number  of  circular  •holes  (see  Fig.  4f) .  Some  of  these  holes  display  a 
whitish  edge  indicating  a  change  in  the  physical  nature  of  the  material  probably  due  to  phase 
changes  and  chemical  reactions,  The  structure  of  these  crater-like  holes  was  examined  under 
even  greater  magnification  (1600X)  and  is  shown  in  Fig,  5.  Further  along  the  sample  in 
region  F  and  at  the  rear  stagnation  point  G,  the  surface  has  the  same  description  as  the 
leading  edge  locations,  A  and  B. 


DISCUSSION 


IGNITION  DELA^CQRRELATIQN 


One  of  the  major  objectives  was  to  find  a  correlation  between  the  ignition  delay  time  for 
XM-39  LOVA  propellant  and  the  freestream  flow  parameters:  pressure,  temperature  and  velocity. 
If  the  chemlsty  is  relatively  fast,  the  ignition  delay  should  depend  almost  entirely  on  the 
heat-up  for  the  solid  material  and  a  correlation  based  on  the  heat  flux  into  an  inert 
cylinder  should  provide  reasonable  results.  This  analysis  is  very  similiar  to  that  used  in 
presenting  data  from  radiative  ignition  tests.  The  average  nondimensional  heat  flux  term 
(Q*)  was  calculated  using  the  following  formula: 
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The  first  term  is  the  average  Nusselt  number  calculated  using  Eq,  (1),  The  second  term 
compensates  for  the  temperature  difference  between  the  propellant  surface  and  the  freestream 
flow.  The  third  term  accounts  for  changes  in  the  conductivity  of  air  at  the  film 
temperature.  The  value  of  480  K  was  chosen  as  a  surface  temperature  because  it  is  close  to 
the  melting  or  liquefaction  temperature  for  RDX  quoted  In  the  literature^.  In  the 
correlation  development,  the  reference  temperature  was  taken  to  be  273  K.  The  dimensionless 
ignition  delay  time  for  data  set  two  is  plotted  against  the  dimensionless  heat  flux  in  Fig. 

6,  If  the  all  data  points  are  considered  together,  there  is  a  significant  amount  of  scatter 
in  the  results.  This  scatter  is  significantly  reduced  if  the  tests  which  display  clear 
evidence  of  propellant  end-surface  burning  (in  the  gaps  between  the  sample  and  the  inert 
spacers)  are  separated  from  the  tests  which  did  not.  Evidence  of  end-surface  burning  is 
easily  found  during  the  post-test  microscopic  analysis  of  the  sample  surface.  Based  upon  the 
above  distinction,  there  are  two  families  of  data  shown  in  the  same  plot  (Fig.  6). 

Correlation  equations  for  these  two  families  of  data  are  given  below: 

surface  ignition,  494.7  -  21.24  Q* 

End/Gap  ignition,  t*D«  472.5  -  21.94  Q* 

At  a  given  heat  flux,  the  end  or  gap  ignition  process  has  a  shorter  ignition  delay  time 
than  the  surface  ignition  process.  This  is  reasonable  because  hot  gases  from  the  convective 
stream  cause  the  edge  regions  of  the  propellant  to  reach  Ignition  conditions  sooner  than  the 
surface  region.  This  type  of  edge  enhanced  ignition  has  been  studied  previously  by 
Vorsteveld  and  Hermance^ .  When  the  end  surfaces  of  the  propellant  grain  are  in  close  contact 
with  the  spacers,  the  edge  effect  is  eliminated  resulting  in  a  longer  ignition  delay  time. 

When  the  possibility  of  end-  or  edge-ignition  is  accounted  for,  the  resulting  data 
correlate  very  well.  The  small  amount  of  data  scatter  could  be  due  to  one  or  more  of  the 
following  reasons:  (I)  the  surface  and  shape  of  the  test  samples  were  not  as  consistent  as 
would  have  been  desired.  Imperfections  created  during  the  manufacturing  process  and  during 
the  removal  of  the  graphite  coating  could  lead  to  variations  in  the  measured  results;  (2)  the 
correlations  make  no  allowance  for  changes  in  the  sample  surface  condition  such  as  the 
presence  of  circular  holes  and  the  rice-like  structures;  (3)  the  high  heating  rates  to  the 
propellant  during  interaction  with  the  incident  shock  wave  are  not  considered;  and  (4)  there 


Figure  4a :  Unburned  XM-39  LOVA 
propellant  -  graphite  coating 
removed,  surface  polished, 
(magnification  «  800X) 


Figure  4b:  Unburned  XM-39  LOVA 
propellant  -  graphite  coating 
removed,  surface  polished, 
(magnification  =*  1600X) 
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Figure  4c:  Burned  XM-39  LOVA 

propellant  -  Upstream  stagnation 
region  A.  (magnification  600X) 


Figure  4d:  Burned  XM-39  LOVA 

propellant  -  Upstream  surface  B. 
(magnification  600X) 
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Figure  4ti  Burned  XM-39  LOVA 
propellant  -  Crater-like 
structures  near  region  E, 
(magnification  «  200X) 


Figure  5:  Circular,  crater-like  holes  located  at  position  E. 
(magnification  -  1600X) 


Figure  4e :  Burned  XM-39  LOVA 

propellant  -  liquid  agglomeration 
at  location  D.  (magnification  « 
600X) 


is  no  consideration  given  to  possible  heat  feedback  from  exothermic  chemical  reactions  in  the 
gas,  solid  or  liquid  phases. 


«  Surfoce  ignition  data 


Figure  6:  Dimensionless  ignition  delay  time  versus  dimensioniess  heat  flux 
PHYSICAL  AND_CHEMICAL  CHARACTERT5TTCS  OF  CONVECTIVE  IGNITION 

The  convective  ignition  of  XM-39  LOVA  propellant  involves  many  complex  physical  and 
chemical  processes.  Based  on  the  observations  made  during  this  study,  the  following  summary 
describes  in  detail  many  of  these  processes  which  lead  to  ignition  under  the  conditions 
imposed  by  the  shock  tunnel  convective  ignition  test. 

Due  to  the  nature  of  the  shock  tunnel  test  apparatus,  a  transient  flow  settling  or  start¬ 
up  time  exists  which  lasts  -3  ms.  During  this  start-up  time,  heat  flux  to  the  sample  is  very 
large  because  of  incident  shock  wave  interactions,  flow  reversals  and  turbulent  flow 
conditions  around  the  sample.  The  complexity  of  the  flow  makes  interpretation  of  data 
obtained  during  this  period  very  difficult.  However,  the  importance  of  this  period  should 
not  be  neglected.  The  propellant  surface  temperature  rises  very  rapidly  during  these  first 
few  milliseconds  and  liquefaction,  decomposition  and  vaporization  of  solid  material  can  occur 
prior  to  the  start  of  the  quasi-steady  flow  test  time.  It  is  assumed,  due  to  the  brevity  of 
the  settling  time,  the  thermal  profile  in  the  sample  is  quite  thin.  For  self-sustained 
ignition  to  occur  during  this  time,  heat  feedback  from  the  reaction  zones  must  maintain  the 
thermal  energy  input  into  the  sample  when  the  external  heat  source  is  reduced.  If  ignition 
can  not  be  supported  when  the  high  heat  flux  period  ends,  the  thermal  profile  should  adjust 
quickly  to  the  new  ambient  heating  conditions. 
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Figure  h  Major  physical  and  chemical  processes  involved  in  convective  ignition  of  a 

cylindrical  solid  propellant  grain 

By  the  time  the  flow  in  the  test  section  has  settled  into  a  quasi-steady  state,  many 
physical  processes  have  already  occured.  These  include  liquid  *melt*  layer  formation  and 
some  solid  propellant  decomposition  or  evaporation  Into  the  gas  phase.  The  conditions  which 
exist  and  lead  to  the  eventual  ignition  during  the  steady  flow  time  are  discussed  relative  to 
the  regimes  shown  In  Fig.  7. 

At  the  leading  edge,  stagnation  flow  conditions  exist.  This  region  is  characterized  by 
very  high  heat  flux  into  the  solid  material  from  the  external  flow  and  local  pressure  values 
are  at  a  maximum.  The  high  heating  rates  lead  to  liquefaction,  decomposition  and 
vaporization  of  the  solid  material  which  form  liquid  and  gaseous  boundary  layers  on  the 
sample  surface.  Small  circular  holes  have  been  observed  on  the  upstream  surface.  These 
holes  can  be  attributed  to  possible  foreign  particle  impingement,  dewetting  of  propellant 
crystals  from  the  surface  region,  and  fast  pyrolysis  of  local  active  sites. 

Within  the  gaseous  boundary  layer  formed  along  the  upstream  circumferential  surface, 
oxidizer  from  the  freestream  mixes  and  reacts  with  pyrolysis  products  from  the  propellant. 

The  heat  generated  along  with  continued  heating  from  the  freestream  can  sustain  continued 
pyrolysis,  vaporization  and  liquefaction  of  the  solid  surface.  At  the  gas-liquid  interface, 
vaporized  and  decomposed  propellant  is  added  to  the  gaseous  boundary  layer  as  the  heating 
continues  from  both  the  external  convective  stream  and  heat  feedback  from  chemical  reactions 
which  could  occur  in  both  the  gaseous  and  condensed  phases.  The  *  liquid*  boundary  layer  is 
highly  non-uniform.  Gaseous  bubbles  are  formed  within  the  liquid  layer  and  at  the  solid- 
liquid  interface  as  the  propellant  vaporizes  and  decomposes.  These  bubbles  are  carried 
within  the  liquid  'melt*  layer  until  eventually  they  reach  the  gas-liquid  interface.  These 
bubbles  could  be  the  reason  for  the  flow  structures  described  previously  (see  Fig.  3)  ,  At 
the  iiquid-soiid  interface  the  propellant,  as  it  Is  heated,  undergoes  liquefaction, 
vaporization  and  decomposition.  In  addition,  the  liquid  layer  appears  to  form  around  solid 
structures  which  resemble  rice  kernals  when  observed  with  a  SEM. 

Gaseous  boundary  layer  separation  occurs  around  80®  to  85®  from  the  leading  edge,  Just 
beyond  this  separation  point,  flow  reversals  in  the  gas  phase  increase  mixing.  Since  the 
liquid  layer  is  driven  by  the  shear  force  of  the  gaseous  flow,  the  flow  reversal  in  the 
gaseous  layer  leads  to  a  flow  reversal  in  the  liquid  layer  thus  Increasing  the  mixing  and  the 
heat  transfer  to  the  solid  propellant  surface.  Processes  which  were  occuring  in  the  boundary 
layer  continue  but  the  heat  flux  from  the  convective  stream  and  the  local  pressure  at  the 
sample  surface  are  now  at  their  minimum  values,  eventually  recirculation  zones  are  formed  in 
both  the  gaseous  flow  and  the  predominantly  liquid  boundary  layer  which  grows  significantly 
in  size  forming  the  agglomeration  seen  in  Figs.  3  and  4e.  Ignition  occurs  within  this  flow 
region  duo  to  the  long  residence  time  and  increased  mixing  of  the  pyrolysis  products, 
vaporized  propellant,  and  freestream  oxidizer  in  the  gaseous  phase.  The  gas-phase  reactions 
locally  increase  the  heating  rates  into  the  liquid  and  subsequantly  the  solid  phase  and  thus 
achieve  self-sustained  combustion.  In  this  region  a  large  number  of  the  crater-like  holes 


are  observed  on  the  propellant  surface,  it  Is  postulated  that  these  represent  the  location 
of  very  active  crystals  of  RDX  which  gasify  and  react. 

On  the  downstream  surface  of  the  sample  the  large  recirculation  zones  formed  in  the  wake 
create  a  rear  stagnation  point  and  subsequantly  a  boundary  layer  flow.  These  areas  develop 
much  as  the  forward  areas  do  and  supply  additional  reactant  species  to  the  reaction  zone 
located  just  beyond  the  boundary  layer  separation  point.  At  a  point  near  110®  from  the 
leading  edge  the  boundary  layer  formed  on  the  rear  surface  interacts  with  the  separation 
region.  Near  this  position  another  agglomeration  of  liquid  is  formed  as  the  boundary  layer 
thickens.  The  gaseous  products  generated  along  the  rear  surface  contribute  to  the  ignition 
and  combustion  processes. 


SUMMARY  AND  CONCLUSIONS 

The  following  conclusions  about  the  convectivo  ignition  of  XM-39  LOVA  propellant  can  bo 
reached  based  on  the  results  obtained  and  discussed  above: 

1.  Convective  ignition  and  flame  spreading  phenomena  of  XM-39  solid  propellant  has  been 
successfully  observed  using  a  shock  tunnel  facility.  Strong  evidence  of  gas-phase  ignition 
mechanism  has  been  experimentally ‘observed.  Sustained  convective  ignition  occurs  in  the 
region  near  the  boundary  layer  separation  point* 

2.  Two  possible  sites  of  ignition  have  been  identified:  circumferential  surface  ignition  and 
edge  surface  ignition.  Two  separate  correlations  have  been  developed  for  these  two  types  of 
ignition  phenomena. 

3*  From  observation,  the  sample  surface  can  reach  ignition  due  to  incident  and  reflected 
shock  wave  heating  during  the  transient  start-up  time  of  the  test.  The  heating  is  very 
intense  but  very  short  in  duration.  However,  if  the  thermal  profile  during  this  period  is 
too  thin  to  achieve  self-sustained  ignition,  subsequant  ignition  could  occur  during  the 
nearly  steady-state  operating  time, 

4*  Microscopic  analysis  of  recovered  propellant  samples  shows  the  formation  of  a  liquid 
layer*  The  composition  of  this  liquid  and  it  importance  to  the  ignition  process  is  still 
unkown  and  should  be  studied  further* 

5*  After  ignition  the  flame  propagates  from  the  shoulder  region  to  the  rear  stagnation 
point*  The  sample  acts  as  a  flame  holder;  in  the  wake  region  the  local  flow  velocity  is 
reduced  and  the  flame  can  sustain* 
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An  Experimental  Ignition  Study  of  RDX*Based  Solid  Propellant 
Grains  Subjected  to  Crossflow  Convective  Heating 

Steven  J.  Ritehie#,  Wen-Hsin  HsiehS,  and  Kenneth  K.  Knot 
The  Pennsylvania  State  University,  University  Pailc,  PA  16802 

Abstract 

Crossflow  eonvective  ignition  tests  of  RDX-based  XM-39  LOVA  solid  propellant 
grains  were  carried  out  in  air  and  nitrogen  using  a  shock  tunnel  faeility.  Test 
eonditions  were  in  the  range  of  pressure:  1.38  -  3.43  MPa  (200  -  500  psia), 
temperature:  1100  -  1500  K  (1980  •  2700**R)  and  flow  velocity:  60  -  70  m/s  (197  -  230 
ft/s).  In  the  tests  earned  out  in  air,  ignition  was  observed  at  or  very  near  the 
sample  surface  in  the  region  just  heyond  the  gaseous  boundary  layer  separation 
point.  No  ignition  was  observed  for  the  tests  carried  out  in  nitrogen.  Ignition 
delay  time  was  correlated  to  a  dimensionless  convective  heat  flux  caleulated  from 
flow  parameters.  Post-test  microscopie  analysis  of  samples  indicated  the  formation 
of  an  apparent  liquid  layer  on  the  exposed  surfaee  whieh  grows  in  thiekness  in 
the  vieinity  of  the  flow  separation  location.  The  existenee  of  numerous  near- 
cireular,  erater-like  holes  was  detected  using  seanning  electron  microscopy.  The 
rims  of  these  holes  exhibit  evidence  of  surface  reactions  and  jdiase  changes.  The 
physical  interactions  between  the  flow  and  test  sample  are  discussed  to  provide 
insight  into  the  complex  ignition  process.  The  ignition  mechanism  is  believed  to 
be  gas-phase  in  nature  rather  than  a  surfaee  reaction  mechanism. 

Introduction 

Of  recent  interest  to  the  propulsion  community  are  solid  propellant 
formulations  based  on  nitramine  ingrediants  such  as  cyelotiimethylenetri- 
nitramine  (RDX)  and  cyclotetramethylenetetranitramine  (HMX).  These  materials 
display  high  thermal  stability  and  low  sensitivity  to  ballistic  vulnerability  making 
them  ideal  candidates  for  low  vulnerability  ammunition  (LOVA)  propellants. 
Related  to  the  LOVA  eharaeteristic  of  nitramine-based  propellants,  is  the  problem 
of  achieving  consistent  ignition  when  it  is  desired.  Understanding  the  complex 
physicochemical  processes  wbicb  characterize  the  ignition  transient  is  necessary 
if  safe,  reliable  igniters  are  to  he  designed  for  propulsion  systems  employing  these 
propellant  types. 
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There  is  available,  in  the  literature,  a  limited  amount  of  information  on  the 
ignition  of  nitramines  subjeeted  to  a  radiative  thermal  input^>2<^.  The  benefit  of 
the  radiative  ignition  test  is  the  control  over  heat  flux  input  independent  of  other 
parameters  such  as  environmental  pressure.  The  radiative  heat  source  is  usually  a 
CO 2  laser  or  an  arc-image  fumaee.  The  mqor  disadvantage  of  this  test  is  the  lack 
of  hot  gas  adjacent  to  the  propellant  surface.  Cohen  and  Decker^  used  a  shock  tube 
to  study  the  ignition  of  HMX  and  RDX  in  shock  heated  nitrogen  gas.  This  accounted 
for  the  presence  of  a  hot  gas  at  the  propellant  surface  but  it  was  predominantly  a 
conductive  heating  mechanism.  Typical  large  caliber  gun  systems,  which  would 
employ  LOVA  solid  propellants,  achieve  ignuion  via  convective  heating  from  a  hot 
gaseous  stream  generated  by  an  igniter.  This  particular  shortcoming  has  been 
addressed  in  this  study  hy  employing  a  test  method  which  simulates  the  convective 
heating  process. 

Several  programs  have  studied  convective  heating  and  ignition  of  solid 
propellants.  The  work  done  hy  Kashiwagi  et  al.^  and  Birk  and  Caveny^^  is  of 
particular  importance.  Kashiwagi  et  al.^  used  a  shock  tuimel  facility  to  generate  a 
high  pressure,  high  temperature  gas  flow  over  a  solid  fuel  sample.  The  geometry 
of  the  sample  was  a  flat  plate.  The  purpose  of  the  study  was  to  examine  the  effect 
of  freestream  oxidizer  concentration  on  the  ignition  delay  time  and  ignition 
location  of  a  convectively  heated  solid  fuel.  This  type  of  experiment  allowed 
Kashiwagi  et  al.^  to  make  definitive  statements  regarding  the  gas  phase  ignition 
behavior  of  the  solid  fuels  in  question. 

Biric  and  Caveny^**^  used  the  same  shock  tunnel  facility  as  Kashiwagi  et  al.^  to 
study  the  convective  ignition  and  flame-spreading  phenomena  of  individual  solid 
propellant  grains.  Some  minor  modifications  to  the  test  section  were  made,  hut  the 
essential  nature  of  the  test  was  the  same.  The  shock  tunnel  was  used  to  generate  a 
high  temperature,  high  pressure  gas  stream  over  a  solid  propellant  sample  under 
flow  conditions  similiar  to  those  expected  in  large  caliber  gun  chambers.  The 
sample  geometry  was  a  0.7  cm  (.275  in.)  diameter  cylindrical  propellant  grain 
mounted  perpendicular  to  the  gas  stream.  The  published  results  were  primarily 
for  single-hase,  double-base,  and  triple-base  nitrocellulose  propellants  with  some 
very  limited  data  for  an  HMX/PU  composite  propellant.  Ignition  delay  time  and 
ignition  location  on  the  sample  were  measured  using  photomultiplier  tubes 
optically  focused  on  speeifie  locations  of  the  sample  via  fiber  optic  tubing.  The 
entire  ignition  event  was  monitored  visually  using  high  speed  cameras  and  a 
schlieren  lighting  system.  Following  the  tests,  recovered  samples  were  analyzed 


microscopically  for  any  important  surface  features  which  would  assist  in 
understanding  the  decomposition  mechanisms.  In  addition  to  testing  the 
propellant  samples,  calibration  was  accomplished  using  an  instrumented  cylinder 
which  included  a  miniature  pressure  transducer  and  several  thin  film  heat  flux 
gages.  With  this  instrumented  cylinder.  Biric  and  Cavoiy^*'^  were  able  to  examine 
the  starting  transient  of  the  shock  tunnel  generated  flow  and  the  effect  it  had  on 
heat  transfer  to  the  sample.  This  set-up  provided  an  excellent  opportunity  to  study 
the  ignition  and  flame-spread  phenomena  of  nitrocellulose  propellants  and  to  a 
limited  degree  an  HMX/PU  composite  propellant. 

Presented  here  are  the  results  of  an  experimental  ignition  study  on  an  RDX- 
based  LOVA  solid  propellant  using  the  same  shock  tunnel  facility  and  technique  as 
Birir  and  Caveny^**^.  The  results  of  Bide  and  Cavmiy^»‘^  provide  excellent 
background  and  insight  into  the  interpretation  of  these  more  recent 
measurements.  It  is  hoped  the  fundamental  information  gathered  from  this  study 
of  complex  ignition  processes  in  a  relatively  simple  flow  field  can  be  used  to  better 
understand  and  predict  the  ignition  response  of  RDX-based  propellant  in  more 
practical  combustion  or  propulsion  scenarios. 

The  experimental  objectives  are  to  (1)  visually  examine  the  convective 
ignition  phenomenon  and  subsequent  flame  spreading  of  RDX-based  XM-39 
propellant  using  high-speed  video  photography.  (2)  measure  ignition  delay  (based 
on  light  emission  from  the  sample)  and  examine  possible  correlations  to 
convective  flow  parameters  and  (3)  microscopically  examine  recovered  propellant 
samples  to  determine  the  heating  and  burning  effects  on  sample  surfaces.  The 
goal  of  this  paper  is  to  use  the  above  observatitms  and  data  to  identify  important 
processes  involved  in  the  ignition  of  XM-39  LOVA  propellant.  This  will  provide 
gnidelines  for  eventual  theoretical  model  development. 

Method  of  Approach 

Shock  Tunnel  Test  Facility 

The  shock  tunnel  facility  is  identical  to  that  used  in  other  programs  described 
above.  A  detailed  discussion  of  the  facility  can  be  found  in  Kashiwagi  et  al.^.  Biric 
and  Caveny^'^  and  Ritchie  et  al.^*^.  Briefly,  the  shock  tunnel  is  used  to  create  a 
reservoir  of  high-temperature,  high-pressure  gas  which,  in  turn,  induces  a  flow 
through  the  test  section  and  across  the  sample.  The  test  section,  a  cross-sectional 
side  view  is  shown  in  Fig.  1.  is  a  2.86  cm  x  2.86  cm  (1.12S  in.  x  1.125  in.)  square  duct 
Quartz  windows,  located  tm  the  top  and  sides  (side  windows  not  shown),  provide 


optical  access.  A  perforated  plate  located  at  the  downstream  exit  acts  as  a  nozzle 
which  chokes  the  flow  and  controls  the  gas  velocity.  One  major  modiflcation  to 
the  set-np  used  by  Biik  and  Caveny^**^  was  the  addition  of  a  perforated  plate  to  the 
upstream  entrance  of  the  test  section.  This  was  added  to  damp  out  initial  pressure 
oscillations  caused  by  the  interactitm  of  the  incident  shock  wave  with  the  sample 
and  to  protect  the  sample  from  damage  by  large  pieces  of  burst  diaphragm  debris 
which  are  carried  by  the  shock  tunnel  flow  into  the  test  region  following  the 
ignition  event. 

In  lieu  of  heat  flux  and  pressure  calibratitHi  tests,  as  were  performed  by  Birk 
and  Caveny^'^,  the  velocity,  temperature  and  pressure  of  the  gaseous  flow  through 
the  test  section  were  measured  in  calibration  runs.  These  parameters  were  deemed 
more  important  as  boundary  conditions  for  eventual  theoretical  analysis  than 
heat  flux  measurements.  It  was  felt,  on  at  least  a  qualitative  basis,  the  heat  flux 
data  of  Bilk  and  Caveny^*^  could  be  used  to  analyze  the  ignition  results  obtained  in 
the  present  study  with  regard  to  the  starting  transient  of  the  shock  tunnel  test  and 
the  heating  trends  on  various  parts  of  the  sample. 

Pressure  was  measured  at  the  test  section  wall  with  a  Kistler  601B101 
piezoelectric  pressure  transducer  (see  Fig.  1).  The  velocity  was  measured  using  a 
TSI  Laser  Doppler  Velocimetry  system  and  correlated  to  test  section  pressure  and 
incident  shock  wave  Mach  number.  The  temperature  measurements  were  carried 
out  using  a  Paul  Beckman  Company  300  Series  K-Type  Micro-miniature 
Thermocouple.  This  conunercially  available  thermocouple  probe  provides  fast 
respmue  time  (~3  ms)  and  accuracies  of  0.25%.  The  measured  temperature  data 
agreed  very  closely  to  expected  values  calculated  using  one-dimoisional  shock 
tubeAuimel  theory.  The  temperature-time  traces  were  evaluated  by  lookii^g  for  a 
constant  temperature  plateau  during  the  expected  17-20  ms  test  time  following  the 
shock  wave  arrival.  The  average  temperature  of  this  plateau  was  determined  and 
correlated  to  the  incident  shock  wave  Mach  number  and  the  test  section  pressure 
value.  In  all  ignition  tests,  the  incident  wave  Mach  number  and  pressure  are 
measured  and  the  temperature  and  velocity  evaluated  from  the  calibration  curves. 

Through  control  of  the  areas  open  to  the  flow  on  both  the  upstream  perforated 
plate  and  dowrutream  nozzle,  the  initial  driver  gas  to  driven  gas  pressure  ratio, 
and  the  initial  pressure  in  the  driven  section,  the  shock  tunnel  is  capable  of 
producing  a  wide  range  of  test  conditions;  pressures  of  1.03  -  4.14  MPa  (150  -  600 
psia).  temperatures  of  950  -  1500  K  (1710  -  2700  K).  and  velocities  of  60  -  250  m/s 
(197  -  820  ft/s).  The  major  limitation  of  the  shock  tunnel  facility  is  the  maximum 


av«ilable  test  time  of  17  •  20  ms.  but  for  most  flow  conditimas  the  ignition  delay 
time  is  mueh  shorter  than  this. 

Diagnosties  for  ignition  tesu  include;  pressure  transducers  along  the  shock 
tunnel  driven  section  to  detect  the  shock  wave  arrival  at  flxed  locations  from 
which  the  incident  shock  wave  speed  is  deduced,  a  pressure  transducer  located  in 
the  test  section  upstream  of  the  sample  (see  Fig.  1),  and  five  filtered  RCA  1P28 
photomultiplier  tubes  which  measure  light  intensity  in  the  near  ultraviolet 
centered  around  0.37(XI  p.m  used  remotely  via  fiber  optic  tubes  to  measure  ignition 
delay.  Because  preliminary  tests  of  XM>39  showed  significant  flame  spread  into 
the  downstream  wake  region,  the  fiber  optie  tubes  were  configured  linearly,  as 
shown  in  Fig.  1,  to  cover  the  entire  span  of  the  test  section.  High>speed 
visualization  is  accomplished  through  side  windows  using  a  high-speed  Kodak 
Spin  Physics  SP20()0  video  system  with  backli^ting  of  the  sample. 

Test  Sample 

The  propellant  used  for  this  study  was  XM-39  (Lot  #AS-1184-113):  76%  RDX,  12% 
CAB,  7.6%  ATEC,  4%  NC,  and  0.4%  EC.  The  grain  geometry  is  cylindrical  in  shape 
with  a  nominal  diameter  of  0.7  cm  (.275  in.)  and  length  of  0.74  cm  (.291  in.).  The 
condition  of  the  samples  was  not  uniform:  the  diameter  was  not  constant  from 
grain  to  grain,  the  shape  of  individual  samples  was  never  a  perfect  cylinder  and 
the  surface  was  pitted  and  graphite  coated.  In  order  maintain  more  uniformity  in 
the  tests,  each  prc^llant  grain  was  trimmed  to  a  constam  length  of  0.74  cm  (.291 
in.),  the  graphite  coating  was  removed,  and  the  surface  was  polished  until  it  was 
visually  smooth. 

The  sample  was  mounted  in  the  test  section  with  the  induced  flow 
perpendicular  to  the  length  of  the  grain.  Mounting  was  accomplished  by  drilling 
a  hole  along  the  center  axis  of  the  cylindrical  sample.  A  stainless  steel  rod  is 
inserted  through  this  hole  and  attached  to  end  holders.  The  difference  between 
the  test  section  width,  2.86  cm  (1.125  in.),  and  the  sample  length  is  occupied  by 
inert  spacers  so  the  flow  would  'see'  essentially  one  long  cylinder  stretching 
across  the  entire  test  section.  This  was  done  to  minimize  end  burning  effects. 

Discussion  of  Results 

Tests  were  carried  out  within  a  limited  flow  regime  for  the  shock  tuimel 
facility.  The  flow  velocity  was  fixed  at  approximately  65  m/s  (213  it/s)  using  a 
perforated-plate  nozzle  downstream  as  was  done  by  Kashiwagi  et  al.^  The  pressure 


tad  tenpenture  of  the  ctmvective  stream  were  altered  by  varying  the  initial 
values  of  pressure  in  the  shock  tunnel  and  the  incident  shock  speed  until  an 
ignition  ’envelope*  was  obtained,  Reynolds  numbers  for  this  study  ranged 
between  30,000  and  30,000.  Two  sets  of  tests  were  carried  out  in  this  fashion  with 
XM>39  LOVA  propellant  One  set  used  nitrogen  as  the  test  gas:  the  other  used  air. 

For  the  tests  performed  in  a  nitrogen  environment,  no  ignition  or  luminous 
flame  was  detected  by  either  the  high  speed  video  or  the  photomultiplier  tube 
detection  system.  This  result  substantiates  previous  observations  by  others.  Birk 
and  Caveny^**^  showed  a  similiar  result  for  HMX/PU  propellant.  In  a  100% 
nitrogen  environment,  no  ignition  was  observed  for  Reynolds  numbers  between 
7,000  and  10,000.  As  oxidizer  was  added  to  the  test  gas,  ignition  in  this  Reynolds 
number  range  was  observed  and  the  ignition  delay  time  decreased  as  the 
concentration  of  oxygen  in  the  test  gas  increased.  Additionally,  Chang  and 
Rocchio^^  have  also  shown  that  oxidizer  rich  igniters  can  reduce  long  ignititm 
delays  in  gun  simulator  studies. 

When  tested  in  air,  ignition  of  the  XM*39  propellant  grain  was  observed  for 
many  of  the  imposed  test  conditions.  The  results  of  a  typical  test  (No.  155)  are 
summarized  here.  Figure  2  contains  pressure  vs.  time  (Fig.  2a)  and 
photomultiplier  tube  ouq>ut  vs.  time  (Hg.  2b)  plots.  Still  photographs  taken  from 
the  high  Q>eed  video  showing  the  observed  location  of  first  visible  light  are 
provided  in  Fig.  3. 

The  pressure-time  trace  can  be  divided  into  two  sections.  The  'transient 
starting  time'  begins  with  the  incident  shock  wave  arrival.  Interaction  of  the 
incident  wave  with  the  sample  and  nozzles  leads  to  pressure  oscillations  and 
turbulent  flow  conditions  around  the  sample.  In  the  subsequant  'quasi-steady  test 
time',  the  pressure  does  not  oscillate  but  slowly  increases  from  a  minimum  value  of 
1.45  MPa  (210  psia)  to  a  maximum  value  of  2.00  MPa  (290  psia).  This  corresponds  to 
a  27%  increase  in  pressure  over  the  test  duration.  This  variation,  unfortunately,  is 
unavoidable  so  an  average  pressure  value  is  used  in  all  calculations  and  in  the 
presentation  of  results.  Although  undesirable,  the  pressure  value  during  the 
majority  of  the  test  can  be  considered  quasi-steady  with  tolerable  variations. 

The  large  initial  deflection  in  the  photomultiplier  trace  corresponds  to  the 
incident  shock  wave  arrival  in  the  test  section  (time  «  0).  The  deflection  in  the 
photomultiplier  signal  due  to  the  onset  of  sustained  ignititm  is  seen  at  10.835  ms 
(tip).  The  rarefaction  wave  arrives  at  the  test  section  afler  -17.82  ms.  The  light 
intensity  from  the  burning  is  altered  slightly  at  this  time  but  the  sample  does  not 


completely  extinguish  until  19.6S0  ms  after  the  first  pressure  rise  in  the  test 
section. 

Still  photographs  obtained  from  the  high’Speed  video  for  Test  ISS  are  shown 
in  Fig.  3.  Backlighting  was  used  and  the  convective  stream  is  moving  from  ri^t 
to  left  To  provide  some  initial  perspective.  Fig.  3a  is  a  pretest  picture  of  the 
sample  in  the  test  section.  The  arrival  of  the  shock  wave  is  so  bright  that  the  video 
aystem  saturates  and  ia  therefore  not  shown  but  this  would  correspcmd  to  time  tsO. 
Thereafter  the  sample  appears  as  seen  in  Hg.  3a  until  visible  light  can  be  seen  on 
the  top  surface  at  time,  t  »  11.167  ms  (Fig.  3b).  Any  light  generated  on  the  bottom 
of  the  sample  would  be  hidden  hy  the  sample  supports.  The  more  sensitive  photo¬ 
multiplier  tube  detected  ignition  much  earlier  at  10.83S  ms.  In  Fig.  3d. 
corresponding  to  t  «  ll.SOO  ms.  the  reaction  has  propagated  downstream  and  grown 
in  intensity  and  can  now  be  seen  on  the  lower  half  of  the  aample.  Subsequent 
frames  show  increasing  light  emission  from  the  wake  region  of  the  sample  until 
eventually  the  burning  spreads  over  the  entire  downstream  surface  at  time  t  = 
13.334  ms  (Figs.  3e  to  3o).  Once  the  reaction  has  covered  the  downstream  region  of 
the  sample  it  bums  in  essentially  a  steady-state  fashion  (Rg.  3p)  until  the  end  of 
the  test  time.  The  sample  does  continue  to  reset  for  several  milli-seconds  after  the 
pressure  drop  at  17.82  ms  caused  by  the  arrival  of  the  rarefaction  wave  as  shown 
in  Fig.  2a.  The  described  events  for  ignition  and  flame  spreading  of  XM-39  RDX- 
based  composite  propellant  are  very  similiar  to  the  observations  of  Birk  and 
Caveny^**^  for  nitrocellulose-based  propellants.  It  is  obvious  that  many  of  the 
important  physical  processes  involved  in  the  convective  ignition  of  these 
different  types  of  propellants  are  the  same. 

In  many  eases,  li^t  emission  from  the  sample  was  detected  very  early  (<  3  ms) 
during  the  shock  tunnel  transient  atart-up  time.  This  phenomenon  was  also 
observed  by  Birk  and  Caveny^*^  in  their  study  of  nitrocellulose  propellants.  When 
the  incident  shock  wave  arrives  in  the  test  section  the  heating  rates  to  the  sample 
are  very  high.  This  has  been  substantiated  hy  the  heat  flux  data  taken  hy  Biiit  and 
Caveny.^**^  Gasification  of  the  propellant  material  can  take  place  and  subsequant 
reactions  observed.  However  in  both  the  tests  done  for  this  program  and  those 

done  previously  by  Birk  and  Caveny.^*^.  this  'transient*  ignition  was  not  always 
able  to  sustain  burning  for  the  entire  test  time  because  the  heating  rates  decrease 
sharply  with  the  onset  of  the  quasi-steady  flow  through  the  test  section.  Hie 
sample,  once  quenched,  would  usually,  but  not  always,  reignite  later  during  the 
steady-state  convective  beating  period  and  sustain  burning  until  the  end  of  the 
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test  time.  It  U  this  second  ignition  point  which  has  been  labeled  the  ignition  delay 
time  (tiD)<  The  ignition  delay  was  detennined  through  analysis  of  both  the 
photomultiplier  tube  output  (100,000  pts/sec.)  and  the  high-speed  video  pictures 
(6,000  pict/sec.). 

The  conditions  for  the  second  set  of  tests  are  given  in  Table  I.  This  table  lists 
the  test  section  pressure,  temperature,  Mach  number,  Reynolds  number,  Prandtl 
number,  Nusselt  number,  ignition  delay  time  (tiD)  tod  dimensionless  ignition 
delay  (t*iD).  t*iD  is  defined  as  tiD/(D/V);  it  represents  the  ratio  of  ignition  delay 
time  to  the  flow  residence  time  based  on  the  sample  diameter  and  the  approach 
velocity.  The  average  Nusselt  number^*  is  calculated  using  the  following  formula 
for  flow  over  a  cylinden 


Nu  =.  .027 

Birk  and  Caveny^*7  used  Reynolds  number  as  the  independent  parameter  in 
presentation  of  their  results.  The  average  Nusselt  number,  as  calculated  using  the 
above  equation,  is  more  closely  associated  with  heat  transfer  to  the  sample.  The 
heat  flux  data  taken  by  Birk  and  Caveny  show  the  variation  in  heat  transfer  rates 
as  a  function  of  angular  location  from  the  leading  edge.  By  using  an  average 
value,  it  is  assumed  the  heat  transfer  rates  over  the  surface  vary  accordingly. 
Therefore  an  increase  in  the  average  Nusselt  number  is  representative  of  an 
increase  in  the  local  Nusselt  numbers  at  the  various  surface  locations. 

Photographs  from  an  r^tical  microscopic  study  (magnification  =  SOX)  of  a 
recovered  propellant  sample  are  shown  in  Fig.  4.  A  detailed  description  of  each 
photograph  is  given  due  to  the  limited  resolutitm  of  the  reproduction.  At  the  front 
stagnation  point,  position  A,  the  surface  is  sli^tly  pitted  and  many  small  particles 
from  the  shock  tunnel  burst  diaphragm  are  imbedded  in  the  surface  layer. 

Between  30°  and  45°  from  the  leading  edge  at  location  B,  small  wave  formations 
appear  on  the  surface  indicating  the  formatitm  of  a  liquid  tnelt*  layer.  The  wave 
formations  could  be  created  by  bubble  formation  and  the  complex  flow  structure 
on  the  propellant  surface  or  it  could  be  due  to  the  existence  of  some  freestream 
turbulence  generated  by  the  upstream  perforated  plate.  These  wave  formations 
grow  in  size  between  45°  and  90°  from  the  leading  edge  at  location  C.  Just  b^ond 
the  90°  point  at  region  D,  there  is  a  large  liquid  agglomeration  on  the  surface.  The 
position  of  this  liquid  formation  coincides  very  closely  to  the  first  reaction 
location  as  seen  on  the  video.  Although  it  is  not  easily  discernible  in  the 


photogrtphs,  there  are  many  bubbles  entrained  within  this  agglomeration.  A 
second  agglomeration  which  is  slightly  smaller  than  the  one  at  -95^  can  be  seen  at 
"105^  from  the  leading  edge  in  region  E.  The  back  surface  (region  F)  and  rear 
stagnation  point  (region  G)  are  similiar  to  the  front  surface  only  free  of  particles 
and  shock  tunnel  debris.  The  only  easily  distinguishable  difference  between  the 
burned  and  unbumed  samples  is  the  eoloring.  Burned  samples  eahibit  a  darker 
shade  of  yellow/white  (particularly  on  the  downstream  side  and  at  the 
agglomeration  points)  while  the  unbumed  samples  more  closely  resemble  the 
original  white  coloring  of  the  propellant.  Unfortunately  this  is  only 
distinguishable  under  actual  viewing  eonditions  and  is  not  elearly  visible  in  the 
photographic  representation. 

A  seaiming  electron  microscope  (SEM)  was  used  to  examine  the  sample  surface 
under  even  higher  magnification.  These  photographs  are  shown  in  Fig.  5  and 
correspond  to  Tcm  148.  The  first  two  pictures  show  a  pretest  propellant  surface 
(Fig.  Sa  and  Sb).  The  surface,  although  it  had  been  polished,  is  actually  quite 
rough  when  examined  under  very  high  magnification  (1600X).  The  next  series  of 
photographs  are  of  a  sample  which  has  ignited  under  convective  heating 
eonditions.  The  letter  associated  with  each  photograph  corresponds  to  the  general 
area  highlighted  in  Fig.  4.  Note:  the  area  covered  by  the  photograph  does  not 
correspond  to  the  area  of  the  square  box  on  the  top  view  of  the  sample  in  Fig.  4  and 
the  magnification  used  for  each  photograph  is  not  the  same.  The  magnification 
was  chosen  to  highlight  particular  structures  on  the  sample  surface. 

Rgures  5e  shows  the  fiont  stagnation  region  A.  The  surface  in  this  region, 
and  over  the  entire  propellant  surface,  is  very  rough  with  many  ricc'like 
structures  which  have  an  approximate  diameter  of  4  pm.  Scattered  randomly 
about  this  region  are  small  circular  holes,  often  appearing  in  small  groups. 

Further  along  the  sample,  in  region  B,  the  surface  appears  similiar  to  the 
stagnation  region  (see  Fig  Sd).  However,  the  surface  structures  are  less 
independent  and  appear  to  have  agglomerated  into  larger  clumps.  There  are  still 
holes  in  the  surface  but  these  do  not  appear  as  frequently  as  in  the  front 
stagnation  zone. 

At  position  D,  where  the  large  agglomeration  forms  on  the  sample  surface.  Fig. 
5e  elearly  shows  a  change  in  the  surface  structure.  At  the  ridge  of  the 
agglomeration  the  individual  rice-like  shapes  have  become  very  closely  grouped 
and  have  apparently  ’melted’  together.  Again  there  are  circular  holes  located  in 
close  proximity  to  the  ridge  region  but  not  in  large  quantities.  Just  downstream 
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from  the  agglomeration  region,  near  B.  there  is  a  very  densely  packed,  large 
number  of  circular  holes  (see  Rg.  SO>  Some  of  these  holes  display  a  whitish  edge 
indicating  a  change  in  the  physical  nature  of  the  material  probably  due  to  phase 
changes  and  chemical  reactions.  The  structure  of  these  crater-like  holes  was 
examined  under  even  greater  magniHcation  (1600X)  and  is  shown  in  Fig.  5g. 

Pbrther  along  the  sample  in  region  F  and  at  the  rear  stagnation  point  G  the 
surface  has  the  same  description  as  the  leading  edge  locations,  A  and  B. 

Birk  and  Caveny^  also  carried  out  a  SEM  analysis  of  recovered  sample  surfaces. 
The  micro-photographs  are  very  similiar  to  those  presented  here.  The 
nitrocellulose -based  propellants  had  a  large  number  of  the  crater-like  holes  over 
their  entire  surface,  including  the  upstream  edge  of  the  sample.  The  HMX/PU 
propellant  showed  significant  signs  of  the  formation  of  a  liquid  'melt*  layer  and 
niimerous  craters  as  observed  in  this  program  for  XM'39.  Unfortunately,  for 
many  of  the  pictures,  the  flow  conditions  and  the  angular  location  on  the  sample 
are  not  provided.  This  makes  comparison  to  the  present  results  for  XM-39  very 
subjective. 

Ignition  Delay  Correlation 

One  objective  was  to  find  a  correlation  between  the  ignition  delay  time  for  XM- 
39  LOVA  propellant  and  the  freestream  flow  parameters:  pressure,  temperature 
and  velocity.  If  the  chemistry  is  relatively  fast,  the  ignition  delay  should  dq>end 
almost  entirely  on  the  heat-up  for  the  solid  material  and  a  correlation  based  on  the 
heat  flux  into  an  inert  cylinder  should  provide  reasonable  results.  This  analysis  is 
very  similiar  to  that  used  in  presenting  data  from  radiative  ignition  tests.  The 
average  nondimensional  heat  flux  term  (Q*)  was  calculated  using  the  following 
formula: 
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The  first  term  is  the  average  Nusselt  number  calculated  using  Eq.  (1).  The 
second  term  compensates  for  the  temperature  difference  between  the  propellant 
surface  and  the  freestream  flow.  The  third  term  accounts  for  changes  in  the 
conductivity  of  air  at  the  film  temperature.  Obviously,  the  temperature  of  the 
propellant  surface  will  be  dependent  on  time  and  the  angular  location  from  the 


leading  edge.  To  simplify  the  analysis,  a  eonstant  temperature  for  the  surface  of 
the  propellant  was  ehosen.  The  value  of  480  K  was  used  because  it  is  elose  to  the 
melting  or  liquefaetion  temperature  for  RDX  quoted  in  the  literature.  This 
simplifieation  assumes  that  a  eonstant  'average'  heat  flux  is  applied  to  the  XM<39 
propellant  based  solely  on  the  freestream  flow  parameters.  In  the  eorrelation 
development,  the  referenee  temperature  was  taken  to  be  273  K.  The  dimensionless 
ignition  delay  time  for  data  set  two  is  plotted  against  the  dimensionless  heat  flux  in 
IHg.  6.  If  all  data  points  are  eonsidered  together,  there  is  a  signifleant  amount  of 
seatter  in  the  results.  This  scatter  is  signifleantly  redueed  if  the  tests  whieh 
display  elear  evidenee  of  propellant  end*surface  burning  (in  the  gaps  between 
the  sample  and  the  inert  spacers)  are  separated  from  the  tests  whieh  did  not 
Evidenee  of  end-surfaee  burning  is  easily  found  during  the  post-test  mieroscopie 
analysis  of  the  sample  surface.  Based  upon  the  above  distinction,  there  are  two 
families  of  data  shown  in  the  same  plot  (Hg.  6).  Correlation  equations  for  these 
two  families  of  data  are  given  below; 

Surface  ignition.  ^ 

End/Gap  ignition.  t*©*  471 -0.517  <3* 

At  a  given  heat  flux,  the  end  or  giq)  ignition  process  has  a  shorter  ignition 
delay  time  than  the  surface  ignition  process.  This  is  reasonable  because  hot  gases 
from  the  convective  stream  cause  the  edge  regions  of  the  propellant  to  reach 
ignition  conditions  sooner  than  the  surface  region.  This  type  of  edge  enhanced 
ignition  has  been  studied  previously  hy  Vorsteveld  and  Hermanee^^.  When  the 
end  surfaces  of  the  propellant  grain  are  in  elose  contact  with  the  spacers,  the  edge 
effect  is  eliminated  resulting  in  a  longer  ignition  delay  time. 

When  the  possibility  of  end-  or  edge-ignition  is  accounted  for.  the  resulting 
data  correlate  very  well.  The  small  amount  of  data  scatter  could  be  due  to  one  or 
more  of  the  following  reasons;  (1)  the  surface  and  shape  of  the  test  samples  were 
not  as  consistent  as  would  have  been  desired.  Imperfections  created  during  the 
manufacturing  process  and  during  the  removal  of  the  graphite  coating  could  lead 
to  variations  in  the  measured  results;  (2)  the  emrelations  make  no  allowance  for 
changes  in  the  sample  surface  condition  such  as  the  presence  of  circular  holes 
and  the  riee-like  structures;  (3)  the  high  beating  rates  to  the  propellant  during 
interaction  with  the  incident  shock  wave  and  the  variation  in  surface 
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temperatures  are  not  considered;  and  (4)  there  is  no  consideration  given  to 
possible  heat  feedback  from  exothermic  chemical  reactions  in  the  gas,  solid  or 
liquid  phases. 

Physical  and  Chemical  Characteristics  of  the  Convective  Ignition  Test 

The  convective  ignition  of  XM-39  LOVA  propellant  involves  many  complex 
physical  and  chemical  processes.  Based  on  the  observations  made  during  this 
study,  the  following  summary  describes  in  detail  many  of  these  processes  which 
lead  to  ignition  under  the  conditions  imposed  by  the  shock  tunnel  convective 
ignition  test. 

Due  to  the  nature  of  the  shock  tunnel  test  apparatus,  a  transient  flow  settling 
or  start-up  time  exists  which  lasts  ~3  ms.  During  this  start-up  time,  heat  flux  to  the 
sample  is  very  large  because  of  incident  shock  wave  interactions,  flow  reversals 
and  turbulent  flow  conditions  around  the  sample.  The  complexity  of  the  flow 
makes  interpretation  of  data  obtained  during  this  period  very  difficult.  However, 
the  importance  of  this  period  should  not  be  neglected.  The  propellant  surface 
temperature  rises  very  rapidly  during  these  first  few  milliseconds  and 
liquefaction,  decomposition  and  vaporization  of  solid  material  can  occur  prior  to 
the  start  of  the  quasi-steady  flow  test  time.  It  is  assumed,  due  to  the  brevity  of  the 
settling  time,  the  thermal  profile  in  the  sample  is  quite  thin.  For  self-sustained 
ignition  to  occur  during  this  time,  heat  feedback  from  the  reaction  zones  must 
maintain  the  thermal  energy  input  into  the  sample  when  the  external  heat  source 
is  reduced.  If  ignition  can  not  be  supported  when  the  high  heat  flux  period  ends, 
the  thermal  profile  should  adjust  quickly  to  the  new  ambient  heating  conditions. 

By  the  time  the  flow  in  the  test  section  has  settled  into  a  quasi-steady  state, 
many  physical  processes  have  already  occured.  These  include  liquid  'melt'  layer 
formation  and  some  solid  propellant  decomposition  or  evaporation  into  the  gas 
phase.  The  conditions  which  exist  and  lead  to  the  eventual  ignition  during  the 
steady  flow  time  are  discussed  relative  to  the  regimes  shown  in  Fig.  7. 

At  the  leading  edge,  stagnation  flow  conditions  exist.  This  region  is 
characterized  by  very  high  heat  flux  into  the  solid  material  from  the  external  flow 
and  local  pressure  values  are  at  a  maximum.  The  high  heating  rates  lead  to 
liquefaction,  decomposition  and  vaporization  of  the  solid  material  which  form 
liquid  and  gaseous  boundary  layers  on  the  sample  surface.  Small  circular  holes 
have  been  observed  on  the  upstream  surface.  These  holes  can  be  attributed  to 
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possible  foreign  particle  impingement,  dewetting  of  propellant  crystals  from  the 
surface  region,  and  fast  pyrolysis  of  local  active  sites. 

Within  the  gaseous  boundary  layer  formed  along  the  upstream 
circumferential  surface,  oxidizer  from  the  freestream  mixes  and  reacts  with 
pyrolysis  products  from  the  propellant.  The  heat  generated,  along  with  continued 
heating  from  the  freestream.  can  sustain  continued  pyrolysis,  vaporization  and 
liquefaction  of  the  solid  surface.  At  the  gas>liquid  interface,  vaporized  and 
decomposed  propellant  is  added  to  the  gaseous  boundary  layer  as  the  heating 
continues  from  both  the  external  convective  stream  and  heat  feedback  from 
chemical  reactions  which  could  occur  in  both  the  gaseous  and  condensed  phases. 
The  liquid’  boundary  layer  is  highly  non>unifonn.  Gaseous  bubbles  are  formed 
within  the  liquid  layer  and  at  the  solid*liquid  interface  as  the  propellant  vaporizes 
and  decomposes.  These  bubbles  are  carried  within  the  liquid  ’melt’  layer  until 
eventually  they  reach  the  gas>liquid  interface.  These  bubbles  could  be  the  reason 
for  the  flow  structures  described  previously  (see  Fig.  4).  At  the  liquid>solid 
interface  the  propellant,  as  it  is  heated,  undergoes  liquefaction,  vaporization  and 
decomposition.  In  addition,  the  liquid  layer  appears  to  form  around  solid 
structures  which  resemble  rice  kemals  when  observed  with  a  SEM. 

Gaseous  boundary  layer  separation  occurs  around  80^  to  85**  from  the  leading 
edge.  Just  beyond  this  separation  point,  flow  reversals  in  the  gas  phase  increase 
mixing.  Since  the  liquid  layer  is  driven  by  the  shear  force  of  the  gaseous  flow,  the 
flow  reversal  in  the  gaseous  layer  leads  to  a  flow  reversal  in  the  liquid  li^er  thus 
increasing  the  mixing  and  the  heat  transfer  to  the  solid  propellant  surface. 
Processes  which  were  occuring  in  the  boundary  layer  continie  hut  the  heat  flux 
from  the  convective  streain  and  the  local  pressure  at  the  sample  surface  are  now 
at  their  minimum  values.  Eventually  recirculation  zones  are  formed  in  both  the 
gaseous  flow  and  the  predominantly  liquid  boundary  layer  which  grows 
significantly  in  size  forming  the  agglomeration  seen  in  Figs.  4  and  5e.  Ignition 
occurs  within  this  flow  region  due  to  the  long  residence  time  and  increased 
mixing  of  the  pyrolysis  products,  vaporized  propellant,  and  freestream  oxidizer  in 
the  gaseous  phase.  The  gas-phase  reactions  locally  increase  beat-transfer  to  the 
liquid  and  subsequently  the  solid  phase  and  thus  achieve  self-sustained 
combustion.  In  this  region  a  large  number  of  the  crater-like  holes  are  observed 
on  the  propellant  surface.  It  is  postulated  that  these  represent  the  location  of  very 
active  crystals  of  RDX  which  gasify  and  react. 
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Birk  and  Caveny^>^  proposed  that  a  gas  phase  Damkobler  number  defined  as 
the  ratio  of  the  residence  time  in  the  mixing  zone  to  the  reaction  time  was  an 
important  dimensionless  parameter  which  could  assist  in  characterizing  the 
observed  ignition  phenomena.  If  the  Damkohler  number  is  much  greater  than 
one,  the  reaction  is  much  faster  than  the  flow  time  and  the  reactants  are 
consumed  almost  immediately  within  the  vicinity  of  initial  gasification.  The 
location  of  initial  gasificatimi  would  be  at  the  front  and  rear  surface  stagnation 
points,  where  the  solid  surface  heating  rates  are  greatest.  The  results  from  this 
program  can  he  interpreted  in  this  maimer,  the  Damkohler  number  must  not  be 
very  large  and  therefore  the  reactants  need  greater  residence  time  as  is  associated 
with  the  recirculation  region  just  beyond  the  separation  point. 

On  the  downstream  surface  of  the  sample  the  large  recirculation  zones  formed 
in  the  wake  create  a  rear  stagnation  point  and  suhsequantly  a  boundary  layer 
flow.  These  areas  develop  much  as  the  forward  areas  do  and  supidy  additional 
reactant  species  to  the  reaction  zone  located  just  beyond  the  boundary  layer 
separation  point.  At  a  point  near  1 10*  from  the  leading  edge  the  boundary  layer 
formed  on  the  rear  surface  interacts  with  the  separation  region.  Near  this 
position  another  agglomeration  of  liquid  is  formed  as  the  boundary  layer 
thickens.  The  gaseous  products  generated  along  the  rear  surface  contribute  to  the 
ignition  and  combustion  processes. 

Conclusions 

The  following  conclusions  about  the  convective  ignition  of  XM*39  LOVA 
propellant  can  be  reached  based  on  the  results  obtained  and  discussed  above: 

1.  Convective  ignition  and  flame  spreading  phenomena  of  XM>39  solid  propellant 
have  been  successfully  observed  using  the  technique  of  Birk  and  Caveny.^>‘7 
Strong  evidence  of  gas-phase  ignition  mechanism  has  been  experimentally 
observed.  Sustained  convective  ignition  occurs  in  the  region  near  the  boundary 
layer  separation  point. 

2.  The  presence  of  freestream  oxidizer  is  very  important  to  the  ignition  process. 
In  the  absence  of  oxidizer  in  the  test  gas.  no  convective  ignition  was  observed. 
Ignition  was  achieved  in  tests  with  air  as  the  test  gas. 

3.  Two  possible  sites  of  ignition  have  been  identified:  circumferential  surface 
ignition  and  edge  surface  ignition.  Separate  correlations  have  been  developed  for 
these  two  types  of  ignition  {dienomena. 
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Table  1  Summary  of  Test  Conditions  and  Results  for  XM-39  Solid  Propellant  in  Air 

Fig.  1  Cross-sectional  side  view  of  convective  ignition  test  section. 

Fig.  2  a)  Test  section  pressure  vs.  time  tracefTest  No.  ISS) 

Fig.  2  b)  Test  section  photomultiplier  output  vs.  time  trace  (Test  No.  ISS). 

Hg.  3  High-speed  video  images  of  convective  ignition  test  events  (Test  No.  ISS). 

Fig.  4  Magnified  (SOX)  post-test  XM-39  solid  propellant  surface  (Test  No.  148). 

Fig.  S  a)  Pretest  XM-39  Solid  Propellant  -  graphite  coating  removed  and  surface 
polished  (Test  No.  148,  mag.  »  8(X}X). 

Fig.  S  b)  Pretest  XM-39  Solid  Propellant  -  graphite  coating  removed  and  surface 
polished  (Test  No.  148,  mag.  =  1600X). 

Fig.  S  c)  Post-test  XM-39  Solid  Propellant  -  Upstream  stagnation  region  A  (Test  No. 
148,  mag.  »  600X). 

Fig.  S  d)  Post-test  XM-39  Solid  Propellant  -  Upstream  surface  region  B  (Test  No.  148, 
mag.  s  600X). 

Fg.  S  e)  Post-test  XM-39  Solid  Propellant  -  Liquid  agglomeration  at  location  D  (Test 
No.  148,  mag.  «  dOOX). 

Kg.  5  f)  Post-test  XM-39  Solid  Propellant  -  Crater-like  structures  near  region  E  (Test 
No.  148,  mag.  «  2(X)X). 

Kg.  5  g)  Circular,  crater-like  holes  located  at  position  E  (Test  No.  148,  mag.  >  1600X). 

Kg.  6  Plot  of  Dimensitmless  ignition  delay  time  vs.  dimensionless  heat  flux,  Q*. 

Kg.  7  Major  physical  and  chemical  processes  involved  in  the  convective  ignition  of 
a  cylindrical  solid  propellant  grain 


15 


4.  From  observation,  the  sample  surface  can  reach  ignition  due  to  incident  and 
reflected  shock  wave  heating  during  the  transioit  start-up  time  of  the  test.  The 
heating  is  very  intense  hut  very  short  in  duration.  However,  if  the  thermal 
profile  during  this  period  is  too  thin  to  achieve  self-sustained  ignition,  suhsequant 
ignition  could  occur  during  the  nearly  steady-state  operating  time. 

5.  Microscopic  analysis  of  recovered  propdlant  samples  shows  the  formation  of  a 
liquid  layer.  The  compositt<m  of  this  liquid  and  it  importance  to  the  ignition 
process  is  still  unkown  and  should  be  studied  further. 

6.  After  ignition  the  flame  propagates  from  the  shoulder  region  to  the  rear 
stagnation  point.  The  sample  acts  as  a  flame  holden  in  the  wake  region  the  local 
flow  velocity  is  reduced  and  the  flame  can  sustain. 
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Table  1  Summary  of  Test  Conditimu  and  Results  for  XM-39  Solid  Propellant  in  Air 

Fig.  1  Cross-sectional  side  view  of  convective  ignition  test  section. 

Fig.  2  a)  Test  section  pressure  vs.  time  trace(Test  No.  155) 

Fig.  2  b)  Test  section  photmnultiplier  output  vs.  time  trace  CTest  No.  155). 

Rg.  3  High-speed  video  images  of  crmvective  ignition  test  events  (Test  No.  155). 

Fig.  4  Magnified  (50X)  post-test  XM-39  solid  propellant  surface  (Test  No.  148). 

Rg.  5  a)  Pretest  XM-39  Solid  Propellant  -  graphite  coating  removed  and  surface 
polished  (Test  No.  148,  mag.  s  800X). 

Fig.  5  b)  Pretest  XM-39  Solid  Propellant  -  graphite  coating  removed  and  surface 
policed  (Test  No.  148,  mag.  a  16(X}X). 

Fig.  5  c)  Post-test  XM-39  Solid  Propellant  -  Upstream  stagnation  region  A  (Test  No. 
148,  mag.  •  600X). 

Ing.  5  d)  Post-test  XM-39  Solid  Propellant  -  Upstream  surface  region  B  (Test  No.  148, 
mag.  a  600X). 

Bg.  5  e)  Post-test  XM-39  Solid  Propellant  -  Liquid  agglomeration  at  location  D  (Test 
No.  148,  mag.  a  600X). 

Fig.  5  0  Post-^  XM-39  Solid  Propellant  -  Crater-like  structures  near  regirm  E 
(Test  No.  148,  mag.  a  200X). 

Ing.  5  g)  Circular,  crater-like  holes  located  at  position  E  (Test  No.  148,  mag.  a 
1600X). 

Fig.  6  not  of  Dimensionless  ignition  delay  time  vs.  dimmisionless  heat  flux,  Q*. 

ng.  7  Major  physical  and  chemical  processes  involved  in  the  convective  ignition 
of  a  cylindrical  solid  propellant  grain 
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A  OCMPAKATIVB  ANALYSE  0F11Ca»VBniVE  AND  RADU11VEKa«nON  PROCESSES 

OPXMn99  SOLID  FROPELLAKr* 

SJ.  Riiclii^.  BX.  MmtoII*.  Wil.  Hriritl.  MdlUL  Knot 

D^MitBMtt  of  MMluakal  fiii^BaariH 

Hw  Pmylvaaia  SlM»  Unh—iiy 
UdvflBtV  Paric,  PA  16IQ2 

ABSntACT 

A  eoatbinad  niMrioMBUl  aad  ibBonikal  appiotli  it  appiied  to  ttody  of  XM-39  toUd  pnpellnt  imition.  The 
BMchmiait  wwitidwod  an  Juvoitaa  to  dw  pnoeaaat  ocaariog  in  inctieal  Wllittic  qntcat.  Thnc  an  convective  beat 
tmfar  into  Oe  aataaial  from  a  bot  tattona  uieen,  radiative  heat  nanaiai  bom  •  hot  tote,  tad  rwdiiftive  beat  tnanfer 
from  a  bot  ttagaeat  gat.  Biparimaatal  maataiaoMait  of  ignition  dalqr  linw  and  obaerptoioet  of  pliyaieal  cbanetetiftiet 
tot  tbe  convective  and  tadiaiive  ignbion  pnoaaaae  have  bet  cauitd  oat  ettog  a  ihock  tenoel  faeil^  end  a  high  powend 
CO2  laaar,  n^ecthrely.  Tlw  iimottaot  piqnkd  martuninnt  of  bodi  qrpat  of  ignition  ne  identified  nd  detfaibed.  The 
^fCaraDcet  in  *t"*»*—  nteht  "^v****^  bjp  convective  and  imSative  wen  bUcipniad  in  temt  of  fovenieg 

pby^  cbvaennctiet. 

MltQDUCnaN 

Ibe  findamantal  plqnieal  paocaatot  and  dianucal  nactioaa  wbicb  duncteriaa  Oe  ignition  of  aolid  prepellaiit  in 
boIBatic  apfiUcationa  ae  difficelt  to  detoiwiina  dae  to  ^  eatteato  letnpentma,  pnaanita,  pneaiUe  grain  motiatt, 
geomatiic  fiwnplaaitiaa,  dynanda  apartting  coniBtinnt.  and  dntt  tbne  acalaa  involved.  Wdi  wnpheeit  now  placed  on  te 
devetopnent  of  inoeantive  or  law  telnafafflitj  aatoaaitiane  (LOVA)^  and  novel  igMtwi  aonroac  far  aytteeu 

aaA  at  laaeia.  tbe  aaed  10  wndeiatand  dton  praoaaaaa  baa  bepoeae  an  eamieely  iinwtn  ant  in  the  devetopnent  of 
bnpioved  paopeiinn  fanmlaiwia  flan  nmolalarlHli  provide  wi  iniodknt  inclfa^  fo  aalyzmi  tolid  jvopellnt  billtiik! 
pflrfeaaupce  wad  dclwmiiunf  tlit  piopar  Igpam  Howev«r»  damlawx  ictts.  by  rittm  oC  thdr  oomplei 

feooiMry,  m  difficult  to  bampm  i  wtnwa  at  te  tadaoMMal  bilbnnMkm  windi  cm  hw  toon  tatOy  obiaaiod  by  am$ 
wian«ocaik  kbomavy  ttHfe  wkg  sbnpb  gootimiiw,  these  tests  lead  themsehis  to  leelistic  laodel  vslidetion  of  the 
ciimttril  sad  phystcel  fwocaises  whkli  are  iiiyoitaBi  to  die  ifnftka  of  die  atetoriaL  The  Hasll-sesle  tests  ue  aot  wiihoat 
dmdbicki.  Most  issis  focus  oa  e  siagnlsr  foini  of  mmgwdc  npm  while  strivaig  to  raaose  die  effects  of  lU  other  possible 
eaergy  womcm  la  e  ftm  chaieher,  however,  the  sufat  propeOMt  bed  b  coovcaikiasSy  ignited  dvDogh  e  vsriety  of 
wechiiiiiBW  such  as  ooavectioa  bom  hot  priner  gases,  fa^etioo  boat  bonaag  policies  end  hot  pruncr  gases,  sad 
oondoctioa  bom  hot  haphigBig  psrtclss^v  Thseefoie  die  lesells  of  ssivenl  tfiffeseat  HniD-scsle  tsstt  would  be  letpriTiBd  to 
dmeterise  dts  Ignttkai  pscfomisooe  of  e  solki  penprfhat  to  tfiffenat  hsithig  coaditkw, 

Hds  pfogriM  focasss  oa  wslemidtag  sad  idsdag  foe  smsll^aesle  Isboraamy  tssts  whidi  «e  used  to  eMninc  iie 
ignitioa  of  soU  pcopsllaitB  mbfedsd  to  dmmsl  eaBtfSCic  hvot.  This  tadades  ignittcin  lespoase  to  rediaiivc;  coavecthre 
sad  coadaedve  best  trmfer  phsaoiasas,  Tbe  sppeoacli  is  takaa  hi  seveni  steps.  Ftrst,  the  physioociiefnicsl  charecteriseks 
wfaich  govern  ths  Ignition  of  XM«39,  «i  RDX-besed  LOVA  solid  peopeDeai,  wfaai  subiecied  to  (1)  oonvoettve  heeimge 
oshtg  e  dioefc  mnasl  fadliqf,  sad  (2)  Tadudve  headng,  vsaig  e  CO2  laser  fadliqr,  were  soidied  mdepeadcatly.  The 
oowfitioesdiosaafor  eechofthasetesttweshnilwto  dioaepeesaat  widuaegaadiainber.  Secondly,  an  snalym  has  been 
Gwriedoiaby  wbkh  the  lesolts  of  the  two  diffenai  tssts  nay  bstelfosd  to  each  ofoer  hie  stmplefMhivt  The  results  of  fois 
progrein  provide,  at  the  very  least,  fordar  infennahm  hao  da  betavior  of  RDX*baeed  propeUant  fonmilecions  lo  verious 
AdditioBally,  da  aealyBis  way  provide  haight  hao  potentially  shnilar  chemical  processes  despite  the 
large  difisrences  m  foe  physical  msthod  of  thamal  aput 

EXPEIOMEKrALMEmOD 

ExperiaanuDy,  dns  pioiect  wa  divided  hao  ssvaal  ififimai  ast  programs.  The  first  lest  progm  was  pafoniad  to 
eiamiar  da  ignitioo  of  cylhtdrical  XM«39  solid  propsOeDt  graha  whea  subfected  to  prodombandy  convective  besting 
bom  e  high  tanpsraeire,  hi^prasstae  flow  fidd.  lias  Qfpe  of  flow  is  representative  of  what  is  found  in  stsndvd  gun 
chambers  during  da  precticsl  igntdna  procsss.  Erom  da  Iharatore,  ii  bas  sheedy  been  shown  dial  a  shock  fonael  facility 
provides  an  excePant  naans  of  genaatfaig  ths  itecessay  flow  conditxins^*^^.  Therefore,  the  shock  toanel  facility  used 

*Tliif  work  wa  parformsd  under  the  ^mnsofthip  of  foe  Amy  Reseach  Oflice,  Research  Triangle  Park,  North  Carolina, 
Coiitrectbfo.DAALO347*K41064.  The  support  aid  speomagapant  of  Dr.  PAi  Maai  a  highly  sppredaied. 
iPh.  D.raididite 
f  Assitant  Ftofeasor 
iKadagaUtwA  Ptofesaor 

Approved  for  public  lelssis;  diioibutkm  unlimited 


previoufly  by  Bixk  md  Ctvcay^*^  cad  Kciliiwcsi  «t  cL^’^^  wcc  aoqond,  rcoocmictad  cad  used  to  (caertte  the  high- 
tanpoinire,  lufli-prassist  0ow  field  required  lor  this  portion  of  the  projecL 


A  second  lest  wes  conrtoctad  to  ofaMrre  Ignitkci  of  the  scEoe  solid  propcOcDC  type  when  subjected  to  Icser-geaercted 
Tidictive  hsstftg.  An  existing  CO2  laser  facility*  ecpediHy  dcaigned  to  study  solid  propellent  ignition  under  high- 

pressure  oondatkns^^^^*  wes  fior  this  pert  of  the  experimeascl  study.  Ihe  laser  ignMnn  tests  woe  designed  to 

provide  date  for  eveatud  theontieel  model  vclidition  cad  10  obtam  iasight  into  the  importaat  physical  prooeeaet  which 
occur  during  the  of  mfremiae-baiad  adid  propaUents.  The  two  faciliiki  ere  described  briefly  m  the  foQowing 

aoctinna.  Morn  dataflart  rtaarriptinni  of  dia  oanveedve^^*^  cad  rcdictive^^^^  fcetlitiec  have  beoi  given  previously. 
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HPCL  Shock  TWmI  FfsiMtv.  The  rimek  tniwri  focilisy  was  dcrignad  lo  be  as  long  as  possible  to  assure  longer 
daici  and  to  hafvu  large  isinil  Aamasar  to  radtica  boandary  layer  infgaffion  effects  on  the  flow  properties.  It  Is  a 
total  of  24.1  m(79  tl)  long,  na  driver  aactinn  is  9.7  m  OlS  ft)  in  length  sad  the  driven  section  Is  1.5  m  (27.9  ft)  m 
length.  Ihe  last  S.9  m  <193  ft)  aaetton  of  the  tunnel  mafcaa  up  the  mhanst  chamlMr  for  the  mrhiced  flow.  The  inside 
of  the  tamal  Is  appruxiniaiely  9.711  cm  (3Jt26  la.).  The  driver  aacticMi  baa  a  miiinuMH  Miagof  1Z4MPb(1800 
aid  b  chagwl  widi  bdiian  gK.  Thxhma  tBctioa  cn  be  veeanBied  down  i»  prowm  a*  low  a*  138  kPa  (03  paia) 
and  the  Met  gac  cai  be  compoiid  of  any  combina'icn  of  oxygen  aod  nitragea.  Hie  Band  ia  opemed  leawtdy  via  a  teat 
oonaolc  locaiad  jait  ouiaide  the  Mat  eeH  nriag  of  dw  tnanal  ia  ecGon^liihed  throng  a  doable  bant  ^apfatagm  tedmqne 
in  Older  to  achieve  conaiaieai  incident  abo^  atrangtha.  A  acfaeinatic  diagraaa  of  die  tboek  nmnel  end  etiociaied 
<«.piiw.rie«  it  shown  in  Rgme  1. 


Figon  1.  Sdicmetic  Diagram  of  Convective  Ignitioa  Shock  Tomel  Ten  Faciliiy  and  Aaaociated  Diagnonks 

Cbovecdve  lynjlOTI  Tflt  ?t«tin  The  ten  aacdon  ia  located  at  die  and  of  the  driven  taction  and  ia  duraoerized  by  a 
Hidden  croea-aactianal  area  change  from  the  9.718  cm  0J26  in.)  diamettr  rovnd  ibodt  nmoel  to  a  2.8S8  cm  (I.12S  in.) 
aquradncL  AcntFoataideviewofihetenaectioniaahownmFi^T.  Qnartz  wMowt  located  on  the  top  nd  aides  of  die 
ten  section  (aide  windowa  wh  shown  in  dw  figwe)  provide  optical  eeceaa.  Parforaisd  plaiet  are  located  et  both  the 
epelxeMn  entrawa  and  downitraem  exit.  The  downaliwn  cut  pine  acts  as  a  neozle  which  chokes  the  flow  nd  eontrob  die 
vdodty  of  gm  Oroogh  the  ten  acctxm.  Ihe  opetraem  perfomed  plaie  wm  not  nsed  by  eithar  Kaehiwtgi  et  al.^'^^  or  Biik 
nd  Cavany in  their  amdiet.  It  was  added  to  bdp  damp  oat  aiiiial  preaswe  oscillaiions  canted  by  the  starting  iranncni  of 
the  flow  edien  the  ibock  wave  pnism  Oaough  dn  ten  aecdon  and  to  act  as  e  flow  ttratghtener. 


Three  Kbder  dOlBl  preenne  irnadoct  located  along  the  driven  aaetaon  of  die  aamel  detect  the  enive] 
of  the  ihocfc  wave  n  fixed  end  nt  need  to  meaeuie  the  speed  of  the  inridem  shock  wave.  Another  Kbiler  60IBI22 

peesnte  trnaducer  b  located  in  the  ten  aacdon,  234  cm  (1.0  in.)  npatream  of  the  ample,  m  cn  be  seen  in  Figm  2.  Thu 
piovidea  ten  section  pteaeore  bifomiation.  To  deteradne  ignition  delay,  five  RCA  1P28  photomultiplier  tubes 


wiA  6U«n  to  pnveat  satuntioii «  nted  maoiely  vU  Gber  optic  tobw  which  a*  mooRtod  on  the  top  wiadow  of  the  ten 
aectioB.  Hiflwqwed  vimalizatkm  of  the  ovent  ii  accompUsM  dooiifh  the  two  tide  windows.  A  Kodak  Spin  Plqrtict 
SP2000  high  tpeed  video  camera  ayttam  it  naed  with  backHghtiiig  of  the  sample. 

Ten  SmiiwIm  The  ptopellaat  wed  for  this  study  was  XM*39  with  a  fccmulatioo  of  76%  RDX.  12%  celhiloae 
acataia/hutyiale  (CAB),  7.6%  acetyl  triedqrl  dtrate  (ATBC).  4%  witroceButoac  (NC),  and  04%  ediyl  ceotralite  (EC).  The 
pain  lenniatiy  was  ^Uadrical  with  a  nmninai  diamrtfr  of  7  mm  (0 in.)  and  length  trimmed  to  a  fonstent  0.74  cm  (0J9 
in.).  For  coaparative  pmposas  widi  the  laser  igniticm  test,  Ok  graphite  coating  wet  removed  prior  to  testing,  and  the 
snrCiee  ww  ptjished  naiil  it  wae  visnel^ 

The  sample  ww  motaiied  in  the  east  aectian  with  the  jndoced  flow  peipcndicttlar  to  die  length  of  the  grain.  This 
relatively  tingle  grain/flow  geometry  was  wed  in  order  to  gain  a  more  fhndamwital  mdostniding  of  the  underlying 
Ignition  madnunams  of  the  rrnpnlleel  Motmting  of  the  sample  in  the  teat  aectinn  ww  accomplished  by  drilling  a  hole 
down  the  canter  of  the  Qrlindcical  sample.  A  etehileee  steel  rod  is  instnad  daongh  due  hole  and  ■«««<**<»  to  and  holders. 
The  diflewnca  between  the  sixa  of  the  test  section  (2J6  cni/l.l2S  in.)  and  the  lanitit  of  die  senile  (0.74  cmA).29  in.)  ww 
occupied  by  inert  eiainlins  steel  or  teflon  spacers  on  either  tide  to  the  flow  would  ’tee*  esamitially  one  long  ^Under 
slialddng  aeraw  the  entire  test  aacdon.  Thie  ww  done  to  madinbe  snd4gdtion  and  erd'bumiag  eflacis  from  the  iwt 
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Rgnte  2.  Cut-away  Side  View  of  Convective  Ignhinn  Shock  Tinmel  Peciliqr  Twt  Seetico 
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rrVf  I  Mtr  Isiritinn  Test  Pecilitv.  The  CO2  Iwer  irradtatiao  fadfity  is  tiiown  schemstically  in  ngum  3.  A  Coherem 
Stqwr  48  hi^^ower  CO2  laser  is  wed  w  the  ladislhre  energy  eonroe.  TUt  taaer  ic  capable  of  genCTeting  800  wans  in  the 
continonqt  erave  mode  and  3300  watts  in  die  pulaed  mode.  A  mask  is  wed  to  blo^  off  aU  but  ■  0.7  cm  (0J8  m.)  dtameieT 
ponkm  of  the  laser  output  beam.  Spatially,  dds  ndundered  portion  of  the  laser  bean  exhibitt  a  Gtwaian  intenstty  profile 
which  ie  labtively  unttitm  aciwe  the  eempla  anrfbee  widi  loaaw  of  10-13%  near  the  edgaa.  Heat  flux  gmerated  by  the  laacr 
beam  at  the  eangJa  location  ia  measured  uting  a  combination  of  a  caloeinietw  calibratioti  device  end  a  epeciel  jntcument  Car 
laaiilg  time  and  beam  intensity  pmSIa  messuremen^*. 

Tbe  hi^hfretsute  test  dumber  is  dwjgnad  in  be  operated  at  huand  prceiaree  vp  to  3447  MPt  (3.000  peiX  Two 
long,  Bwiow  plaxiglaw  windows  located  on  the  'tront*  and  ‘badt"  of  the  cbculw  chamber  provide  optical  access  to  allow 
for  higlHqpeod  filming  of  ibe  ignhian  er  (lane  spreading  evenL  A  zhu  eeknide  window,  protected  from  combustion 
products  ty  a  potwtiwii  ddoride  window,  is  monmed  cn  dts  top  of  tbe  cfaamtr  ’  to  allow  for  passage  of  the  CO2  laser  beam. 
Sanqiie  inecition  it  aooomptislisd  dvongb  the  bottom  of  ifat  efaanber. 

Test  conditions  were  similiar  to  dww  wad  for  da  convective  ignidon  tests.  Tla  test  gat  used  for  all  radiative 
igmtion  tests  ww  air  and  da  piassurw  were  bi  da  raiga  U8  to  3.79  MPa  (200  to  330  ptiaX  Heat  flux  rates  were 
comparable  to  da  data  of  Birk  aid  Caveaqr^*^.  Them  headng  mica  were  between  100  and  400  W/cm^. 

Diaynostici.  Ignition  delay  dma  ww  me  sawed  wing  a  silicon  pbotodiode  poatkeicd  within  the  high-pressure  test 
dianber.  The  diode  sensw  tight  araissioa  in  da  visible  wavalengdi  range  of  0J3  -1.13  pm  (3300  -  11300  A)  with  a  peak 
sensitivity  at  0.9  |un  (9000  A).  Dau  from  dus  (Bode  is  storad  on  a  Nieoltt  digital  oadBoeGope  which  is  uiggered  by  the 
firing  of  da  CO2  laser.  Two  lypw  of  camerw  warn  need  to  flbn  da  tea  event  aid  deiamine  da  ignitioo  location  and  flsme 
qvaad  a  oonvcndoiial  video  camera  ww  ntad  to  recoal  da  XM-39  flame  diaracteiistics.  A  Spin  Physics  2000 

hi|h-qiacd  video  camers  (sot  to  300  piciaiw  per  teoond)  ww  wad  to  noord  ignidon  and  flame  devdopmew. 


TMt  Smolai.  The  XM*39  folid  jnopdltnt  iemplce  for  iho  redUtive  ifnitioii  tctt  had  the  identical  chemical 
fonnuUiion  u  ibe  lamplef  used  in  the  convective  igmiioii  portioa  of  this  progranL  The  samples  were  obuined  in  stick 
fonn,  appmaimaiBly  10J6  cm  (4  in.)  in  length  and  0.7  cm  in.)  in  diemiefy»  nd  wot  not  petforated  or  graphite  coated. 
These  tdckt  wm  cut,  by  hand  ustpg  e  razor  bUde,  imo  ko^  of  about  J  cm  (.20  in.).  Tlwse  disc  shapes  were  ghied  into 
place  on  the  sample  holder  sudi  that  nradiatinsi  was  on  the  flu  end  of  the  diec-ifaape. 
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ngore  3.  Schematic  Dtegnun  of  Radiidva  Ignition  CO2  Laaar  Facility  nd  Aseociased  Diagnostics 


DISCUSSION  OF  RESULTS  AND 

Tha  resells  of  the  ooovective  and  radiative  ignitioa  tests  ere  summarised  scpgmety  in  the  sectsons  below.  A  portion 
of  the  convective  ignition  results  obtained  lo  date  have  been  preteated  previously^  A  summary  of  convective 
ignilioQ  results  it  included  for  rcwipleteness.  A  final  eection  is  devoted  10  e  comparetive  analysts  of  the  igmlkm  procesiei 
observed. 


RADUT 


r RESULTS 


Tmtjon  rvriav  Ttme.  The  ignitkm  criteria  for  both  the  radiative  and  oonvective  lestt  had  to  be  the  same.  The  most 
easily  measured  perametcr  was  the  appearance  of  e  hmiinous  flame  zone.  Therefore  ihe  ignition  delay  time  for  the 
radiative  ignition  leal  is  defined  as  the  tune  between  the  sppBcation  of  the  laser  energy  and  Ihe  first  visible  light  emission. 
More  rigorously,  dus  vehie  should  be  called  dw  dme  to  first  U^t  emiaaton.  This  value  was  measured  with  the  silicon 
photodiode  nd  chedted  using  the  hi^  speed  video  tmegc.  A  scries  of  Qrpical  photodiode  traces  for  the  tests  it  q"  «  200 
W/ctn^  and  various  presrurei  are  shown  in  Hgnre  4.  Igmtkm*  is  very  easDy  dtsdngnislied  by  the  sharp  rise  in  ihe  early 
stage  of  the  event  (<^7  msec).  The  dme  to  fod  light  emission  at  the  various  pressures  are  nearly  the  same  even  on  an 
expanded  dme  teak.  Following  this  poim.  there  are  some  mtensity  variations  and  after  laser  cutoff  there  exists  some 
intensity  oedHadons  which  will  be  discussed  k  e  later  section.  Ignition  delay  dau  are  shown  in  Table  I.  Included  ki  this 
teblearedieairprecsunindieiestchamber.  the  inetdem  beat  flux  firom  the  CO2  laser  and  the  ignidondeley  dme.  The  dau 
firam  Table  I  is  shown  on  e  log4og  plot  of  the  delay  dme  vereus  iitckkat  heat  flux  (see  Hgne  3).  The  dau  poims  shown  on 
the  ploc  represent  measufemenu  et  pressures  of  eite  13S  or  3.79  MPe  (2(X)  or  530  pri).  Figure  3  also  nchides  the  dau 
from  the  convective  ignition  test  ptogiam  in  the  same  pceesnre  range.  This  dau  will  be  described  separately  in  later 
seetkm.  The  oorrekdon  of  the  rediadve  igirilinn  dau  is  given  by  equation  (1): 


lid- 


6260. 


(1) 


Ignition  Location.  Dbect  high-speed  video  of  the  ignidon  event  was  used  lo  observe  the  first  light  emission 
location.  The  inida]  surface  location  of  the  propellant  was  marked  using  adjusubk  reticles  on  the  viewing  screen  of  the 
Spin  Physics  2000  system.  The  potidon  et  ndiich  light  could  fust  be  obeerved  was  compared  to  this  sttrfsce  locsdon.  The 
location  of  the  first  hmunous  renedon,  meesured  using  the  described  method*  was  in  die  gss-phase  very  near  the  surface. 
Theproximiiy  to  the  surface  waa  expected  due  lo  the  reasonably  high-pressures  under  which  ignition  was  achieved.  To  more 
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9ocmit\y  the  stie  of  the  luminoit*  ractiaQ  zone*  ttfnificttily  better  time  md  ictobidiNi  ere  leqiuxed  then 

cm  be  addeved  with  the  Spin  Risreics  fynest  There  is  e  tradeoff  beri^een  the  light  aeneitivity  of  a  camera  lyitcflu  the 
magnificition  of  the  iniafe.  arid  the  fram^  rate  enipk)yed. 

DvitMHk  RMBBina  of  Phoiwtetaetflr  Dunn*  Trmition  to  Self^aitoined  CpmbnttWm,  Tha  dynamic  ifnilion 
phegaomena  foQowiiig  the  onaet  light  cniiiiion  can  be  analyzed  hy  oooaidermg  the  photodiode  intcotiiy  verm  time  trace 
ihown  hi  Figiae  4.  At  a  fUed  iaetdu  laaer  heat  fha  (200  W/cn^),  a  change  in  diaiite  preamre  atgnificaitly  affecta  the 
inieniity  leadhig  of  the  photodiode^  ImmedUiely  etia  the  oneet  d  light  emiaaioa  the  photodiode  mteosity  hat  the 
neepett  liae  far  the  highett  chamber  preaaure  of  3.79  MPa  (550  paig).  Una  ta  probably  due  to  higher  coBiaion  ittea  and 
aiawaated  chemical  leactfan  mat  at  the  hitler  preawge.  However^  the  ilope  valnaf  do  not  dccraaac  oonaiatendy  with 
preaame.  Thk  can  be  eapUmad  by  conaidaring  a  ****y^f  madnaiamL  The  blowing  valodiy  at  the  pytolyzhig  turf  ace  of 
the  aample  dependa  mvamly  on  the  chwnher  pmatne.  Ea^  in  the  tptition  ptomai.  the  atvfa^  lempcranne  ai  the  ouet  of 
light  emteaion  aa  nppaoximaiely  mdependent  of  paeaaure^  cfaia  can  be  partially  joadfied  by  the  indcpfaidenoe  of  the  light 
eraiaaion  thna  widi  leapea  to  pretame*  Baaed  vpon  the  mate  flux  condmifty  at  the  pyxolyzing  awface^  the  lower  the  gaa 
denaity  (dmber  pieeanre)  ta,  the  higher  the  blowing  eeiociQr*  As  a  raaiilt,  the  hanmona  gaaea  can  be  ejected  farther 
npwwL  TlMcefara  the  photodetactor  intensity  reading  at  die  low  pieaaurea  could  exceed  the  viloei  seen  when  the  chamber 
preaitne  ta  lugber* 

Following  laear  catoOi  tha  mteosiQr  le^el  of  the  phoiodeieetar  output  doaa  condnne  lo  liae  to  an  nddal  maximoat 
peak,  Accordint  to  tha  reauhs  obtained  and  shown  in  Ftgnie  4,  tha  due  between  laaer  cutoff  and  tha  fim  maximum  is 
longest  for  hi^msi  ghwnhgr  pmaaotca  and  the  shortest  far  the  lower  diasibar  preaaure.  Una  dependence  could  be  due  to 
incieaiod  gaa-phaae  chemical  leacdone  at  the  higher  proaaerea>  The  chemical  inertia  of  the  reaedng  gaa  mixtnm  is  higher 
at  higher  preMree. 

FoUowing  this  first  tnaxfaimm  peak,  thm  is  a  tignifictti  drop  in  mtentity  lerela  at  the  lower  chamber  preastvea. 
This  is  commonly  known  ta  a  deratfiadoo  effeci.  The  drop  is  beciaae  the  gaa-phiir  diemical  reacdona  caanot  ^aerate 
enough  energy  10  ftiily  ifplece  the  aaoernal  laanr  anwgy  aoiHoe  whidi  has  bam  nanorwL  At  the  lower  pieiaiiiei  thSa  b  more 
aigntficant  for  two  reatona.  Rist,  the  blowiiig  Ycloctty  is  higlMr  and  therefore  the  pyrolyaia  prodneta  ere  canied  farther 
from  the  aanqda  surfaocu  The  aacood  feaaon  is  the  redu^  nanoatty  of  the  chemical  leacdom  ai  the  lower  pteasores,  whidi 
lowm  dm  diaioal  energy  oontent  of  the  reactmg  media.  The  effect  of  both  thene  reaeana  is  a  reduction  in  the  heal  feedback 
to  the  sample  soffaoe. 

For  the  condidona  in  tlda  program,  the  deradiacioo  efface  wet  not  sigiiificaiit  moogh  to  faUy  quendi  the  ignidon 
process.  The  dynanne  period  fofkrwnig  thia  procasa  is  very  imei  eating.  At  lower  presauiea  (13S  ^a,  200  pa^  the 
haninoiia  fiame  zone  exhibita  a  very  pronounced  peiiodie  oacillation  at  cloae  lo  10  Hz.  Ai  the  premora  ta  tnrreaaed  to  2.41 
MPa  (350  patg)ii  dda  penodk  oacillaliDn  of  10  Hz  is  sdH  nodoaable  but  the  wave  consom  is  not  as  diittnct.  At  the  hi^^ 
preaaare  taeSed,  3.79  MPa  (550  paig)»  the  inienatfy  level  is  more  or  laaa  conalani,  with  a  higher  frequency  of  oacOlatkm. 
This  oacillaiory  or  fiame  theddmg  bdmvior  was  very  oonatatenc  wd  reproducfale  at  the  lower  preaanrea  but  not  so  at  the 
higher  prastaorea. 

g^NVECTWElGNn™ 

FfftextraMn  Oxygen  Dependmev.  For  the  testa  performed  in  a  idliogai  cnrmxnnenl,  no  ignition  or  hmunoua  flame 
was  detected  by  ddwr  the  higb-qieed  video  or  the  phoaonmlttplkr  mhe  detection  lyston.  When  the  teat  gaa  was  dtanged 
ID  air,  ignition  of  the  XM-39  ac^  propdlam  gram  was  observed  for  many  of  t^  imposed  lest  conditioas.  A  definite 
freeaireaa  oxidiziy  dqiendeocy  of  the  ignition  ddiy  dme  was  obeenred.  Uda  leaolt  anhatanriatra  pievioua  observadona  by 
otberi.  Bilk  wl  Caveny*^*^  showed  a  aimiliir  rcanlt  for  HMX/PU  propcOanL  Chang  and  Rocchio^  have  alio  shown  that 
oxidizer  ridi  igmtcra  cm  reduce  long  ignidon  delays  in  gon  aimulatnr  aendiea  of  mimiiine-baaed  propefianta. 

Ifttitkm  nd  Fl^ntg^SppaH  The  otMved  tgmdon  and  fiinie-apread  pbenooena  was  similar  far  all  tciti 

in  which  ignition  was  observed.  Sdll  pictures  taken  from  the  ht|h-sp^  ^^ideo  of  a  typscal  test  were  shown  in  Reference 
18.  The  fuse  evidence  of  lumtooatty  was  ahraya  obaarved  in  the  regioo  of  boundary  layer  separation  in  a  location  just 
beyond  90*  from  the  ?«admg  edge.  Tha  fiama  would  apread  farm  this  locatioo  in  only  the  downetream  direction  mitil  the 
cndie  icirwMd  swfnce  was  covered.  Theaa  observadona  are  va^f  atnnlim  to  ifaoae  of  Birk  and  Caveny^*^  for  nitrocelhiloae- 
baaed  propdlanti.  li  would  seem  Chat  maiiy  of  the  important  physical  proceaaes  involved  in  the  convective  ignition  of 
iheae  tWerent  propellant  types  are  vc^r  timtliar. 

Imitkm  Delay  Time.  The  photomuldplier  tube  which  first  recorded  a  signal  larger  than  three  times  the  average  noise 
value  was  used  to  determine  the  ignition  delay  value.  This  igniticQ  time  was  compared  to  the  observed  video  resulu  for 
clarification.  In  many  cases,  a  flash  of  light  from  the  aample  surfece  could  be  obsoved  ve^r  early  during  the  teal  time  (<  3 
ms).  This  phenomenon  was  also  obaerved  by  Birk  and  Caveny^*^  in  thetr  study  of  nitmcellulofe  prppellanti.  It  can  be 
ex^abed  ttahig  the  following  rationalizaikm.  When  the  incidem  shock  wave  arrivea  in  the  teal  aectioa,  the  heating  rates 
10  the  aample  me  very  high.  Thia  hm  been  atfastantiaied  by  the  heal  flax  dau  taken  by  Birk  and  (^reny*^*^.  Gasification 


of  Che  prepeflmt  material  can  take  place  and  eubceqoant  reactioiis  are  obacrved.  However,  in  tecta  done  for  Chic  program, 
this  mooientary  ifnitkm  was  hoc  alw^fi  able  to  cnctam  burning  for  the  entire  teat  time  beranac  the  ratec  decreace 

iharply  widi  the  onaet  of  the  qoaai-cteady  Oow  tfaroufh  the  lect  aection.  The  cample,  once  queodied,  would  ucually,  but  not 
^wa^  reignite  later  during  the  dea^-ctaie  convective  heating  period  and  cuctain  tnniing  until  the  cad  of  the  tect  time.  It 
ic  thb  atyearance  of  thtc  cecond  Inminouc  legioa  which  hac  boa  need  so  define  (he  ignition  delay  tune  (ti^i). 

Tht  Ignition  del^  leculta  from  the  convective  igmtkm  tecting  have  been  tabulated  previoucly^^*^^  and  are  plotted 
here  with  die  ndUdve  ignition  recnlla  on  a  log>iog  icale  ac  chown  in  Bgore  5.  The  reenking  oonelatian  for  the  ignition 
delay  vema  an  average  heat  flux  la  g^ven  by  eqitaiioo  (2). 
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(3) 


The  uia  of  an  avmge  heat  fhn  value  ic  an  attempt  lo  diqday  the  convective  ignition  teat  results  mio  the  tame  form  ac  (he 
radiative  ignition  tect  rendti,  Jn  thic  way  a  comparative  dbcnction  of  the  two  tern  cat  be  more  eaaOy  evried  qul  This 
value  tc  not  meant  to  imply  that  the  heating  rate  tc  unifom  aaosc  the  entire  propellam  surface.  The  heat  fhxx  dau  taken  by 
Birk  and  Caveny^*^  efrednedy  cSiow  a  vaiatkm  in  beat  fhn  to  the  canplc  surface  ac  a  function  of  angular  location  from  (be 
leading  edge.  However,  the  average  value,  focad  using  die  foDowing  relaiionchipc,  provides  a  means  of  cpialiuitve 
comparison  between  the  oonveetivt  ignition  results: 


iT.NlD^ 


(3) 


q--hCr.-T0 

The  avenge  beat  tmsicr  coeffideat  $)  is  detenuned  by  unng  the  Nnsaelc  number,  the  conducitivity  of  air  at  the  'film* 
temperature,  and  the  diameter  of  the  saeqde.  The  tempgatme  difference  was  choacn  to  be  the  maximum  acfajevtble  value 
between  the  initial  temperature  of  the  sac^k  and  dm  freestream  temperature.  The  avenge  Kusaclt  mmibcr  (Nup)  Is 
calciilated  uring  the  fiAming  fccimila  for  flow  over  a  cylinder^*: 


The  siibiciipc(s)indteites  the  value  of  the  Ptandtl  number  evahtaied  at  the  surface  tempertfure.  This  surf aoe  tempersxure  was 
fixed  at  the  tempentiBe  for  aD  , 

Miemacoyric  Analwis  of  Propellant  Surface  Char^ji^^^th-^  Both  optical  and  acamiiiig  electron  mkmcopy  (SEM) 

analyses  were  perfbemed  on  recovered  test  sanples^^*^.  The  mkro^pliDiographs  mdiratr  the  formation  of  a  Ikpud  hielt' 
layer  similar  to  that  dasenbed  by  nnnicroas  other  reicarchers  and  a  number  of  rice^like  structures  arc  visible  across  the 
svface.  There  are  also  a  mimbCT  of  circalar  boles  in  the  surface,  e^mcially  in  the  region  where  igmtkm  was  observed. 
These  boles  could  rqjreacat  bubbles  generamd  by  gas-producing  feactkms  witl^  the  oondensad  phase  or  they  could  indicair 
large  RDX  crystals  winch  have  been  eiaeted  from  the  surface.  The  results  of  due  study  are  described  in  greater  detail  along 
with  a  series  of  macro-photographs  in  the  lefercnces  died 

OlMPARATTVEAHALYgSQElGW 


It  is  cle«  from  the  ploi  shown  in  Figure  5,  that  the  convective  and  radiadve  ignition  processes  have  very  different 
diaracieristies  which  control  the  ignition  process.  The  approach  taken  here  is  sinuliar  to  that  attempted  by  KeDer  et  al.^^ 
for  composite  ammonium  perchlonte  solid  propeUanu.  At  the  lower  heat  fhixes  where  the  dau  from  die  different  tesu 
ooUapse  onto  the  same  line,  it  Is  safe  to  assume  that  in  men  haadng  process  of  the  solid  material  dominates  both 
processes.  Bui  as  (he  heat  flux  is  increased,  the  dau  follow  very  different  trends.  Consider  ihat,  if  ignition  were  due  to  a 
surface  lenqierature  criteria  and  the  maierial  were  to  reach  this  temperature  via  an  inert  heating  process,  the  slope  of  the 
emve  plotted  on  Figure  5  would  be  -2,0.  This  would  fall  between  the  slopes  of  the  convective  and  radiative  data.  The 
pbenomeiu  exhibited  by  both  the  convective  and  radiative  lesolu  can  be  explained  if  pre-igniikm  gas-phase  processes 
which  are  important  to  the  ignttkm  of  XM-39  solid  propellam  n  considered. 


In  (he  case  of  the  radiative  tgnttion  process,  gases  generated  by  pyrolysU  of  the  XM-39  propellant  escape  from  the 
smface  imo  a  relatively  low  lemperatine  ambient  cnvironrocnL  This  slows  down  the  reactivtty  of  the  gas-phase  and  leads  to 


a  less  cffidciu'  ignitian  of  the  material  when  ccmparad  lo  the  jam  heating  process  and  the  negative  slope  of  the  dau  is 
less  than *  *2  (ie.  eoeror  is  lost  to  the  SBROondbii  ambient  gases),  bi  the  convective  tgnitian  test,  the  pyrolyzed  gases  are 
entrained  tn  the  relatively  high-temperatnre  layer.  Tbarefm,  tether  heating  of  the  gases  can  occur  and  incxease 

fuhsaqnanr  chemkal  reactivtiy.  Addirinnally,  the  fluid  conditions  around  the  cylindrical  grain  'collect*  the  pyrolyaed  gases 
in  the  tegioo  just  beyond  the  sepntioa  point  of  die  boundary  layer.  This  mcieases  the  mixing  process  and  the  local  heat 
feedback  lo  the  coodenscd  material  Since  die  gas-phaae  heating  sod  nnxins  effects  aie  not  considered  m  the  sversge  beat 
flux  value  used  to  plot  the  convective  dau  shown  in  Hgiire  5,  die  convective  ignition  dau  ^ipeir  lo  be  more  'efiOcient'  than 
m  inm  heating  case  and  therefore  diqday  a  slope  of  -SS. 

roSTULAllGKOP  A  GENERALIZED  KNIVN  DEUOr  (XRR£LA11QNHX1 

The  m^or  diCteenc^^  between  the  convective  and  radiative  tgnitian  proccaaci  am  (1)  the  presence  of  hot  venue  cM 
gases  adjacent  to  the  sample  surface,  and  (2)  boundary  layer  flow  versus  atagnant  coodidoixs.  It  is  these  physical 
diffennets  whidi  must  be  compensated  te  if  «iy  comparison  of  the  chemical  processes  imparunt  to  the  diflerent  thcnnsl 
mechanisms  can  be  made.  To  bridge  die  gap  between  the  two  dififerent  ignition  processes,  an  mtennediary  ignition  process 
should  be  considered.  This  procem  is  essoedated  with  die  ignition  of  XM-39  propellant  subjected  to  conductive  heedng  by 
a  hot,  atagnant  gas  at  tempqatures  and  preaiines  equivalcni  to  those  generated  by  the  oonveeUve  test  facility.  Ignition 
testi  could  be  carried  out  under  systemaric  variations  of  ambient  gas  temperature,  oxygen  mass  fraction  in  the  ambient  gas 
mixture,  and  the  inttial  propellant  tempera&Be.  These  data,  fogedier  widi  those  already  coQected,  could  be  used  to  develop  a 
more  generalized  correlation  given  bdow: 

^  ^  C  (Tgee^ambient  ,  Tjnitialpropellam  ,  yOx,ambicm) 

U"]  ”  (T^gas,!!!*.  ,  Tinit^pfop.  ,  Yox^amb.)  ^5) 

where  the  exponent,  n,  and  numerator,  C,  are  ftnerions  of  the  vwioua  parameters  indicated.  Therefore,  die  values  of  both  n 
and  C  could  vary  according  to  operating  oonditioxis.  In  this  maimer,  the  two  different  curves  on  Figure  5  could  be 
represented  by  die  same  equation. 

The  above  conelation  could  be  extended  lo  fanher  mdade  the  convective  ignition  dau  by  constdering  the  flow 
conditioiis  represented  by  dimensinnlcss  groups,  such  as  Resmolds  number  and  Prandtl  number  m  the  functional  forms  of  n 
andC. 


^  _  C  (Tgaa^aintacnt ,  Timiialptopellant ,  YOx,arobieat , 

U"]  "(Tl^Mmb. ,  'Tinic^prop. ,  ^Onjovb. ,  ^ (7) 

The  final  empirical  coirelation  would  provide  a  generalized  equation  capable  of  predicimg  the  dme  to  first  light  emission 
time  for  any  mode  of  thermal  energy  input. 


SUMMARY  AI®  CONCUJSIONS 

The  following  conclusions  about  the  radiative  ignition  of  XM-39  LOVA  propellant  can  be  reached: 

•  The  ignition  delay  time  for  XM-39  aolid  proptllam  has  been  socoestfuny  measured  using  a  CO2  laser  facility  for  a 
variety  of  tneideru  heat  flux  and  clumber  pressure  conditions.  This  delay  time,  when  plotted  versus  mcideiu  beat  flux  on 
a  log-log  plot,  correlates  to  a  slope  of  *1.3. 

•  There  is  no  signiiicaxil  pressure  dependency  on  the  time  to  first  light  emisskm  for  XM'39  in  the  range  of  pressures 
between  200  and  550  psig. 

•  Observed  gas-phase  ignition  is  located  very  near  the  propellant  surface. 

•  There  is  a  deflation  effect  associated  with  the  lasa  cutoff:  ibe  magnitiide  of  the  resulting  decay  in  light  intenstiy 
increases  with  decresstng  chamber  presswe. 

•  The  effect  of  pressure  on  the  tgnilioa  dynamics  has  been  observed.  The  Ught  intensity  oscillation  is  more  pronounced 
at  lower  pressures. 

With  respect  to  the  convective  ignition  of  nitramine  propellants,  the  following  can  be  concluded: 

•  Convective  ignition  and  flame  spreading  phenomena  of  XM-39  solid  propellant  have  been  succeufolly  observed. 
Strong  evidence  of  gas-phase  ignition  mechanism  has  been  experimentally  observed.  Siuuined  convective  ignition 
occurs  m  the  region  near  the  boundary-layer  separation  point 

•  The  prosence  of  freestream  oxidizer  b  very  important  to  the  ignition  procets.  In  the  absence  of  oxidizer  in  the  lest  gas. 
no  convective  igniiion  was  observed  in  the  range  of  operating  conditions  tested.  Ignition  was  achieved  in  tests  carried 
out  in  air  under  most  operating  conditioiis. 


•  Hie  igBttkm  deity  time  has  been  oomlated  to  en  tvecife  heat  flux  value  end  exhibitt  e  slope  of  -5.9  on  e  kig -log  plot. 

•  Miaoecopac  toafysis  of  fecovered  propeflant  aemptee  shows  die  fbcniatioQ  of  a  Uqidd  layer  and  a  series  of  circular  holes 
which  could  be  lepreseotative  of  bubbles  fonniag  in  the  condensed  phase.  The  composition  of  this  liquid  and  it 
impoftance  id  the  ignition  process  is  stiU  unkown  and  shoukl  be  studied  fiarther. 

Based  upon  die  compariaon  between  die  radiative  and  convective  ignStwi  data,  the  following  pohua  can  be 

•  Two  different  slopes  have  been  kteuifWxl  for  die  light  emission  dme  vetsos  external  energy  flux  associated  with  two 
diSiratt  modes  oi  eou^  transfer.  At  the  same  heat  fhix  value,  Che  light  emasakm  tune  is  shorter  for  convective 
ignition  thmi  that  of  radiative  ignition.  The  reason  for  shorter  light  emistion  tunes  under  convective  igwtfyftn  if  doe  to 
the  hot  gas  enehonmeat,  increased  mixing  of  pyrolyzed  gases  due  lo  shear  flow,  and  prolonged  residcaoe  times  within 
Che  recirculation  none  near  the  sepwinn  points  of  dm  boundary  layer  flow. 

•  Evtt  though  die  light  emission  dme  versus  heat  flux  curves  art  distinct  for  oonveedve  md  radiative  ignitkm.  we 
beltevs  Chat  die  restto  shown  could  be  leprusenied  by  the  same  nqoarirm  with  variable  coefficient  (C)  and  exponent  (n), 
as  long  as  the  parameters  concrollmg  the  operating  conditioni  me  pioperiy  aocoimted  for  in  dmse  two  variables. 
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